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INTRODUCTION 
Art«rio9Qlerotia Ulaeaae, «spuoitilly coronary heurt and 
oerebrovasoular disoaae (atroke), oauaea nor* dwatha, diaabiliby anu 
eoonouio loaa in the U. S. than any othur brou(> of acute or chronic 
dia«aa«a. In 1977, art@rioaol*roaia oaua«d 873,000 d«atha (almost one-half 
of all d«atha in thô United States) and coat an eatiwated 439 billion in 
health expenditures and lost productivity (1). Coronary heart dis«its« and 
stroke are the first and third largest killers, respectively, in the U. d, 
despite a decline in mortality from these diseases over the past 20 years. 
Because of the devastating toll these diseases exact personally anu 
nationally on both life expectancy and quality of life, considerable 
research has been directed at understanding the development of these 
diseases and at devëlopin* methods to dia^ Rose, treat, predict and prevent 
arteriosclerosis. 
Epidenioloblcal studies have established the existence of certain 
factors that can be used to predict the risk of atherosclerosis ana 
coronary heart disease. One of the strongest predictors of increased risk 
that is amenable to prevention and control measures is an elevation in 
serufii cholesterol concentration, Advances in serum lipoprotein separation 
methodolot^ y iiave yielded data that indicate that the concentration of low 
density lipoprotein is associated directly and tiiat the concentration of 
hi^ k density lipoprotein is associated inversely with atherosclerotic 
disease. The concentrations of both of these plasma components, as well aa 
total plasma cholesterol, are influenced by type and amount of dietary fat. 
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and to a lesser extent, by type of dietary protein. 
Current reooDunend&tions to the public have enoouraged individuals to 
reduce their oonsumption of total fata, saturated fata and cholesterol ana 
to increase their consumption of polyunsaturated fats (2). These changes 
have been adopted by a large number of Americana, resulting in a 
substantial decline in the consumption of eggs, red meat and visible fut of 
animal origin and an increase in the consumption of vegetable products and 
poultry (1,3). There is no conclusive evidence, however, to indicate that 
these dietary changes, particularly the substitution of vegetable products 
for animal products, appreciably reduce the risk of atherosclerosis and 
coronary heart disease* Concern has been expressed regarding the effect of 
such dramtlc changes on overall health ano nutrition, especially mineral 
and 3 vitamin status, on the risk of other diseases, such as cancwr, ana on 
tissue cholesterol concentrations and whole booy cholesterol balance. 
Previous studies have shown that type of oietary protein »nd f»t have 
an effect on tissue cholesterol deposition in young, growing animals. 
These observations suggest that the type of protein and fat In the diet 
play a major role in determining the amount of cholesterol that i« removes 
froo the blood, primarily from low density lipoproteins, and storeu by many 
tissues. An experiment was designed to test this hypothesis, that is, that 
dietary fat and protein influence the transport of cholesterol and its 
entry into cells. This dissertation reports the results of that 
experiment. 
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REVIEW OP LITERATURE 
Low D«naity Lipoproteins: Definition and Ch&raotwriatloa 
Four uiijor identifiable ol&aaea of lipid-protein oomplexes ottn be 
iaolbted by ultraoentrifugation of plaana or aerum: ohyloniorona, very low 
density lipoproteina (VLDL), low denaity lipoproteins (LDLL &nd hi^ h 
density lipoproteins (HDL). Each lipoprotein olaaa is identified primarily 
by b oharauteristio density range ; typical lipid and protein cospoaitiona 
also help define each of the lipoproteins. 
Lipoproteins can be visualised as two-layered : a hydrophobic core 
containing triglycerides and cholesteryl esters surrounded by a monolayer 
of protein, phospholipid and unesterified cholesterol (t>. The amount and 
type of lipid, as well as the «mount and composition of the surface 
proteins (apolipoproteins or apoproteins), ^ ive each lipoprotein class its 
characteristic density range and composition, levy (5) and Grundy (6) have 
compiled excellent reviews of lipoprotein characteristics, metabolism and 
disorders of metabolism. The significance of apoproteins and lipoprotein 
in health and disease has been reviewed by Alaupovic (7) ami Kostner (6). 
Low density lipoproteins (1,019 < d < 1.063 g/ml) typically contain 
45$ cholesterol and 25S protein by weight (9), The major apolipoprotein is 
ApoB, with small aowunts of ApoC (-1, -II and -III) and ApoE (-1, -II, and 
-III) (10), Low density lipoprotein composition, however, to some extent 
reflects its nutritional and physiological environment. Dietary factors 
and metabolic disorders can have marked effects on the composition of LDL, 
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Theâti changea then may have iaplioations for LDL catabollsn and the 
development of atherosclerosis and coronary heart disease. The primary 
dietary factors influencing LDL coaposition that have been studied are fat, 
cholesterol and protein. 
Effects of Dietary Composition on LDL Composition 
Pat and cholesterol 
The mëjor changes in lipoproteins that are induced by diets hi^ h in 
saturated fats and cholesterol include an increase in HDL with ApoE CHDLc). 
«n increase in the level of LDL and the appearance of a cholesterol-rich 
lipoprotein with g-electrophoretic mobility, S-VLDL (it). In addition to 
these dramatic changes in overall lipoprotein profile, more subtle ch#ngk8 
in LDL composition also have been observed. The extent and implicittona of 
these changes are less well understood and are the subject of this review. 
Mahley et al. (12) and Tall et al. (13) fed chow diets supplemented 
with 15$ lard and 1.5$ cholesterol by weight to Sinclair miniature swim 
and observed an increase in the ratio of cholesteryl esters to 
triglycerides in LDL. Tail et al. (13) reported that the fatty acids of 
cholesteryl esters in LDL of the pigs consuming lard were more saturated 
than were the fatty acids of cholesteryl esters of those consuming 
unsupplemented chow. The cholesteryl esters in LDL of lard-fed pigs were 
enriched primarily with cholesteryl oleate and cholesteryl stearafce. 
Yucatan miniature swine fed a similar diet (15$ beef tallow and 1.55 
cholesterol) had decreased triglyceride, slightly increased cholesteryl 
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datera and phuapholipida and alightly decreased protein in their LDL when 
compared with pigs fed low-fat hog chow (14), Stumptailed macaques also 
were shown to respond to a high fat, atherogenic regimen with an increuse 
in LDL cholesterol:protein and an increased percentage of choiesteryl 
esters (15), Cholesterol-fed baboons had more apoB and increased 
cholesterol:protein and cholesterolttriglyceridA than when consuming no 
cholesterol (16). Sprits and Mishkel (17) found that when saturated fata 
(e.g., coconut oil and butter) were consumed as 40$ of dietary calories, 
compared with polyunsaturated fats (e.g., corn oil, safflower oil and 
trilinolein), LDL cholesterol and phospholipid increased, while LDL protein 
remained the same. They postulated that the increased steric requirement 
of the polyunsaturated fatty acids allowed fewer of these fatty acids to be 
carried per lipoprotein particle. A study comparing corn oil and soybean 
oil indicated that both polyunsaturated fat diets induced a small but 
significant decrease in the cholesterol:protein of LDL (18). 
Other studies also have shown that the degree of saturation of the fat 
in the diet is reflected in the degree of saturation of the cholesteryl 
ester fatty acids. Pownall and colleagues (19) found that when men 
consumed isocaloric diets containing equal amounts of cholesterol and with 
polyunsaturated fat to saturated fat (P/S) ratios of 0.25 or 4.0, the 
highly polyunsaturated diet increased the unsaturated acyl content of all 
the lipid classes of LDL, especially linoleate, concomitant with decreased 
amounts of palmitate and oleate. Triglyceride content in LDL was increased 
and cholesterol decreased because of polyunsaturated fat consumption. 
Fleas and coworkers (20) found that the addition of 25$ coconut oil and 2% 
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cholesterol to the diets of chow-fed Rheaua monkeya resulted in an increase 
in the saturation of the oholesteryl ester fatty aoyl chains : 12:0 and 14:0 
aoids increased at the expense of 18:2 fatty acids. Free cholesterol, 
oholesteryl esters and ApoB increased, while tri^ lyoerides and 
phospholipids decreased with the coconut oil-cholesterol feeding. The 
effects of coconut oil and corn oil, with and without supplemental 
cholesterol, on the LOL composition of the Rhesus monkey were investigated 
by Ershow et al, (21). They found that coconut oil feeding resulted in 
increased saturated and monounsaturated fatty acids in LDL oholesteryl 
esters and phospholipids. Oioleaterol feeding alone resulteu in a small 
but significant increase in the ratio of oholesteryl ester to triglyceride 
in LOL. Dietary coconut oil plus cholesterol acted synergistically, 
resulting in large increases in LDL oholesteryl eaters and free cholesterol 
with no change in LDL protein, while com oil plus cholesterol had 
essentially no effect on LDL composition, KcGill and others i22> obtaincu 
the same result with baboons: The ratio of VLDL *• LDL cholesterol to serucn 
ApoB concentrations was lowest in animals fed low cholesterol, 
polyunsaturated fat diets, and increased when saturated fht or Cholestinrol 
was added to the diet. Myher et al, (23) investigated the specific effect 
of dietary fat saturation on LDL phospholipid composition and found that, 
when normolipidemic Individuals were changed from a highly saturated fat 
diet to a highly unsaturated fat diet, the proportion of 18:2 fatty amas 
in the LDL phosphatidylcholine increased, while 16:0 fatty acids decreased. 
There was no change in the LDL sphingomyelin composition. Thus, dietary 
fat unsaturatlon may influence the fatty acid composition of both the 
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oholesteryl esters and the phospholipids of LDL. 
In other studies, little effect of dietary fkt on the composition of 
LDL has been observed, although the total number of LDL particles may be 
changed. When Calvert and Scott (2i$) added 33$ clarified butter and )% 
cholesterol to a standard, low-cholesterol mash diet for pigs, they 
observed an increase in serum LDL, The addition of polyunsaturated fat, to 
the diet of hypercholesteroleuic patients decreased the concentration of 
both LDL cholesterol and ApoB, resulting in no change in the ratio of 
cholesterol to protein (25). Hennig and Dupont (26) found that beef 
tallow, compared with corn oil, caused no change in the concentration of 
LDL cholesterol or LDL protein of rats. Healthy volunteers consuming six 
eggs per day had similar LDL composition as wnen no eggs were consumed 
(27); the authors concluded that in the number of circulating LDL particles 
had increased rather than the amount of cholesterol carried by each 
particle. In general, when an effect on LDL composition is seen, dietary 
polyunsaturated fat consumption results in LDL with less cholesterol, more 
protein and triglyceride and more highly unsaturated fatty acids within the 
cholesteryl ester and phospholipid molecules. Cholesterol feeding results, 
in general, in more cholesterol and less triglyceride, with or without a 
change in LDL protein or phospholipid. 
Translation of compositional changes into physiological changes is 
difficult; changes in physical characteristics that result from the 
compositional changes, however, strongly suggest changes in physiological 
behavior as well. Mol and coworkers (28) found that the mean diameter of 
LDL from chickens decreased 30% when 1$ cholesterol was added to a 
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commercial diet. Pownall and others (29) fed pigs a basal, low fut diet 
with inoreaaing amounts of cholesterol (0.0 to 2.5%) to study the thermal 
transitions and other physical characteristics of LDL. As the amount of 
cholesterol consumed increased, LDL cholesterol increased and triglycéride 
decreased. The appearance of LDL with thermal transitions above body 
temperature was correlated with the decrease in triglyceride. Increasing 
dietary cholesterol resulted in a structurally different species of LDL 
under physiological conditions. In fact, a highly significant, positive 
correlation has been shown between LDL molecular weight and the severity of 
atherosclerosis in at least two species of nonhuman primates (30,3U. 
Thus, these and other physiological changes may be related to the 
atherogenicity associated with LDL under conditions of 
cholesterol-saturated fat feeding. 
Protein and amino acids 
The relationship between protein source and LDL composition is a 
relatively new area of investigation and has been studied primarily in the 
context of animal studies utilising purified diets containing soybean 
protein or casein. Limited data do exist, however, for other protein 
sources. 
Replacement of a chow diet by a semlpurlfled diet containing 10, 20 or 
40$ casein resulted in an Increase In LDL cholesterol, LDL protein and 
cholesterol;protein In rabbits; the authors suggested that LDL relatively 
rich In cholesterol were formed (32). Lacomb»? and Ulbbellnk (33) also 
found that replacement of a chow diet by a casein-based semisynthetic diet 
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Induced un inoreaae in the oholeateryl eater to triglyceride ratio of LDL. 
Comp&riaion of aoy protein and caaein dieta yielded aimilar reaulta aa did 
the chow-caaein atudiea (3^ *35)• Other reaearchera, however, found no 
change in LDL compoaition when rabbita were fed caaein or aoy protein dieta 
(36). 
Rata fed aemipurified dieta containing soy protein or caaein responded 
similarly to the rabbits* Sugano and others (37) found th^ t caaein 
increased serum cholesterol and sometimes increased serum ApoS 
concentrations. Male and female lean Zucker rata fed choleotwrul-enriohed 
aemipurified diets that contained soy protein responded with decrebsea in 
LDL cholesterol and no changes in total serum cholesterol concentration 
when compared with diets containing casein (38). Genetically obeae Zucker 
rftts responded even more dramatically; LDL cholesterol ana phospholipid 
were both 200$ greater in rats consuming casein compared with rats 
consuming soy protein, while LDL cholesterol:protein was not changea (39). 
Mol et al. (28), feeding senipurified diets to chickens, however, found no 
effect of casein vs. soy protein on LDL composition. 
In two of the few studies using human subjects and complex diets, 
strictly controlled diets containing soy protein or casein were fed to 
healthy volunteers. In the first study, casein consumption resulted in no 
response, while soy protein consumption resulted in a significant decrease 
in LDL cholesterol (10). In the second study, however, there were no 
significant differences in LDL cholesterol when casein and soy protein were 
compared (41). Schwandt and coworkers (42) were successful in reducing LDL 
cholesterol (with no change in &poB concentration) by the addition of a 
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aoybean-Qitrus peotin mixture to a lipiU-lowering diet. The authors 
conoludect that the contribution of the pectin to the change in lipoprotein 
composition was minimal and that soy protein effectively decreases LDL 
cholesterol even when added to a diet containing animal protein and a 
relatively low P/S ratio. Goldberg et al. (43) found that the substitution 
of soy protein for animal protein resulted in the reduction of LOL 
cholesterol and ApoB by about in hypercholesteroleuiu patients, with no 
change occurring in normolipidemio patients. 
In a study comparing beef to soybean protein, Williams bnd col leaguea 
(i|t) found that beef consumption by turkeys resulted in an increase in 
serum ApoB concentrations with no change in total serum cholesterol 
concentration;». Walsh and others (15) found that pigs fed soy-based diets 
had decreased LDL cholesterol, but the same total plasma cholesterol 
concentrations, when compared to pigs fed beef-based diets. Nestel and 
coworkers (46) compared vegetarian and omnivorous men; vegetarians h6d 
significantly lower concentrations of both LDL cholesterol and ApoB. 
Hevia and Visek (17) fed rats supplemental lysine in an effort to 
establish If this amino acid had a cholesteroleaic effect inoependent of 
protein. Supplemental lysine (5$) increased LDL concentrations (particle 
numbers), but there was no indication of a lysine-induced alteration in LOL 
composition. Serougne and Rukaj (48) fed rats diets supplemented with 
individual amino acids that had been previously shown to have a 
cholesterolemic effect when ingested in excess for long periods (2 to 4 
months). Methionine, valine and histidlne were found to have no effect on 
plasma lipid concentration, while lysine decreased plasm cholesterol by 
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about iO$ and try{>tophen increased plasma cholestérol by about the same 
aomunt. Cystine fed at 51 of the semipurifled diet, however, increased LDL 
cholesterol by 174$ ooupared with the control, slightly increased LDL 
protein and increased LDL protein:cholesterol by 46$. Further studies are 
needed to determine whether this effect occurs when cystine is present as a 
oomponent of a complex protein and to determine the mechanism by which 
cystine induces this alteration in LDL composition. 
From the limited data amassed so far, it can be concluded tnat uaaein 
tends to increase LDL cholesterol in comparison with animals fed ve^ t^able 
proteins and other animal proteins. The mechanism for this action, other 
effects on LDL composition and the role of the various other animal 
proteins and individual amino acids remain to be clarified. 
Effects of Diet Composition on LDL Clearance and Turnover 
While there has been considerable interest in the kinetics of 
metabolism of plasma LDL in past years (49), mst of tkw emphasis has been 
on comparisons between normal individuals and hypercholesterolemic patit^ nts 
of several types. A limited number of kinetic studies after 
polyunsaturated and saturated fat feeding, or after vegetable and animal 
protein feeding, have been conducted. The evidence gathered so far 
inoicates that the type of fat and protein, as well as the amount of 
cholesterol consumed, may have dramatic effects on plasma LDL clearanct. 
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F&t and oholeaterol 
Portffl&n and Alexander (50) found ttmt monk«ya oonaunin^  diet with a 
low P/S tiad ft d«oreaa«d LDL fractional oatabolio rate compared with when 
they conaumed a diet with a high P/S. Addition of oholeaterul further 
decreased the LDL fraotional oatabolio rate. Turner and others (St) found 
that a high polyunsaturated fat diet decreased kpoB synthesis while 
increasing LDL fractional oatabolio rate In hyperoholesturolenio patients 
when compared with a low polyunsaturated fat diet. Yeshurun and coworkers 
(52) found that plasma LDL-Apob flux when subjects consumed saturated fat 
was less than one-half the flux when subjects consumed polyunsaturated fat. 
Shepherd et al. (53), however, found no change in LDL fractional catabolic 
rate when they fed a highly polyunsaturated fat diet to one 
hyperlipoproteinenic subject. Packard and colleagues (54) fed seven 
healthy volunteers additional cholesterol as six eggs per day and measured 
LDL metabolism. Compared with their previous rates without supplemental 
cholesterol, the men exhibited a 10$ decrease in LDL fractional catabolic 
rate and a 25$ increase in the rate of LDL synthesis. 
A mechanism whereby dietary fat influences the LDL fractional 
catabolic rate was suggested by Ershow and coworkers (21): The increased 
unsaturation of the core lipid of LDL produced by polyunsaturated fat 
consumption results in an increase in the fluidity of the LDL, allowing 
greater ease of interaction with receptors and (or) membranes, and thus 
facilitating the clearance of LDL (and ApoB) from the circulation. Hopkins 
and Williams (55) also suggested that polyunsaturated fat feeding may 
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Increase the ability of the liver to remove cholesterol from oirculatinti 
LDL. The mechanism by which dietary cholesterol has its effect on LDL 
fractional c&tabolic rate is less clear; perhaps LDL that are enriched with 
cholesteryl ester are less able to bind and(or) be internalized by 
receptors than LDL that have less cholesteryl ester. 
Protein 
Huff and Carroll (56) fed rabbits low-fat, cholesterol-free diets and 
found that casein feeding resulted in slower whole-body cholesterol 
turnover than did soy protein feeding. The addition of 15$ butter to both 
diets did not change ttte turnover rate. Ma^ ata et al, (57) found that rats 
fed soy protein had a greater rate of removal of cholesterol from the 
plaama than did rats fed casein, but an equal removal rate from the more 
slowly exchanging body cholesterol pools. Rats fed soy protein had a 
significantly longer half-life for cholesterol in their plasma—13.9 Uaya 
vs. 10.9 days for rats fed casein. Nestel and coworkers (06) found that 
vegetarians had significantly lower flux (production) of LDL than did 
omnivorous controls. Rabbits fed a casein-based diet ^ tad a larger 
intravascular pool of Apo-LDL and a depressed fractional catabolic rate 
compared with rabbits fed commercial chow (33). 
Protein effects on LDL clearance are unclear. The available evidence 
suggests, however, that the hypocholesterolemic effect of soy protein may 
be mediated through alterations of the clearance of LDL from the 
circulation. 
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EfféOta of Dittt Composition on Cholesterol Uptake by Cells 
Control of the movement of cholesterol into cells ia critio&l to the 
normal functioning of an organisa» Accumulation of exceasive amounts of 
choleaterol may be deleterioua; one of the characteristic ai&na of 
atheroaolorosia ia the increaae in the cholesterol content of arterial 
cella. The ability to regulate choleaterol influx in the face of varying 
plasma cholesterol concentrations and differing cell requirements thus 
presents a considerable challenge to the organism. Because LDL carry the 
major proportion of the plasma cholesterol in man (anu in swine), 
mechanisms of LDL uptake are related intimately to the problem of 
controlling cholesterol movement into cells. Consequently, changes in diet 
that alter LDL composition or in sow other way affect LDL uptake may have 
profound effeotb on cholesterol accumulation in cells. Dietary Influences 
on receptor-independent mechanisms for cholesterol influx also may be 
important in determining the cholesterol balance within cells and in the 
organism as a whole. 
Hitth-affinity LDL receptor «echaniama 
Since the initial identification of a high-affinity receptor for LDL on 
bui»n fibroblasts by Brown and Goldstein (56), extensive research has been 
devoted to determining the characteristics and functions of the receptor. 
Recent reviews by Mahley and Innerarity (59), Goldstein et al, (60) and 
Packard and Shepherd (27) discussed the role the LDL receptor play» in the 
regulation of LDL concentrations and cholesterol homeostasis. One 
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oharaoteristio of the LOL receptor is that its number per cell is subject 
to metabolic regulation. Several drugs» alimentary status and specific 
dietary components influence the expression of the receptors. 
Colestipol (a bile aoid-sequestering resin) and mevinolin (an 
inhibitor of cholesterol biosynthesis) caused three-fold increases in the 
LDL-binding activity in dog livers (61). The same effect of mevinolin was 
seen in rabbits (62). Cholestyramine treatment increased the number of 
hepatic LDL binding sites and increased the removal of LOL front plasma of 
hypercholesterolemiti rabbits (63) and induced the expression of receptors 
in adult dogs usually devoid of hepatic LDL receptors (64^ ), Benzafibriite 
therapy in type II hyperllpideolo patients increased receptor-mediated 
catabolisn of LDL by 65$ (65). Hasilrre and coworkers (66) found that 
cyclic AMP depressed LOL receptor activity, while DL-propanolol (an adenyl 
cyclase inhibitor) increased binding and internalization. Inaulin and 
platelet-derived growth factor also regulate LDL receptor activity in 
cultured cells (67), while Arbeeeny and Eder (60) have demonstrated that 
17-a-etbinyl estadiol enhances the expression of LOL receptors. 
Mahley and others (64) showed that prolonged fasting induced hepatic 
receptors in auult dogs, wnile Stoudenire and coworkers (69) founa that 
fasting resulted in the down-regulation of hepatic LDL receptors in 
rabbits. The effects of fasting in other species, including man, have not 
been established. 
 ^number of dietary components Influence the expression and activity 
of LDL receptors. Ciavigan and Knight (70) supplied cultured fibroblasts 
with linoleic acid and found that increasing the degree of unsaturation of 
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the fatty aoids of the phospholipids increased LDL degradation by the 
receptor-mediated pathway but did not increase the number of surface 
receptors for LDL. Cholesterol feeding suppressed the number of hepatic 
receptors in immature dogs, which normally have large numbers of the 
receptors (64), and all but abolished LDL receptor-dependent catabolisn in 
rabbits (63,7U« A recent study in which human volunteers consumed both 
low and high cholesterol diets found the high cholesterol phase associated 
with a significant, 40% decrease in LDL receptor activity (72)* 
Dietary protein also may modulate LDL receptors. Chao and coworkers 
(63) fed wheat starch-casein diets to rabbits to Induce 
hypercholesterolemia and found that the number of hepatic LDL binding sites 
was decreased and that receptor-mediated catabolisn was decreased by 40$ 
compared with chow-fed controls. Further research is needed to establish 
whether the effect was the result of the casein, per se, or to the other 
differences in diet components. These data suggest that drugs and dietary 
manipulations may modulate the expression of LDL receptors in humans as 
well as in other species. The relationship of these factors to the 
accumulation of cholesterol within cells is still undetermined. 
Low density lipoprotein receptor activity also may be influenced by 
changes in the composition of the LDL that interact with the receptors. 
St. Clair (73) found that LDL from hypercholesteroleoic nonhuman primates 
had twice the normal binding affinity, but, at maximum binding capacity, 
only 50$ as mny particles of "bypercholesterolemic" LDL were able to bind 
to receptors when compared with "ncrmocholesterolemic" LDL. Partial 
delipidation (removal of essentially 100) of cholesterol, cholesteryl 
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eaters and trialyoeride and 30% of phospholipid) did not eliminate the 
enhanced binding affinity of the hypercholesterolemio LDL, leading the 
authors to speculate that some change in the ApoE content or difference in 
the conformation of the ApoB component of the abnormal lipoprotein was 
responsible for the increased binding capacity. Along with the difference 
in LDL receptor binding, enhanced cholesterol accumulation was observed in 
cells incubated with hypercholesterolemio LDL. Zeohner and colleagues (74} 
found that when LDL were modified by incubation with leclthin:cholesterol 
aoyltransferase (LCAT), the ratio of cholesteryl ester to free cholesterol 
could be increased by 2-fold and the ratio of free cholesterol to 
phospholipid increased by 1.5-fold, These modified LDL had a decreased 
binding affinity to the LDL receptor of cultured human fibroblasts. Later 
work by St. Clair and others (75) found a positive correlation between 
accumulation of cellular cholesterol and LDL molecular weights of 3*0 to 
4.5 % 10*. The differences could not be entirely explained by the 
increased amounts of cholesterol in these larger LDL (compared with normal 
LDL with molecular weights of 2.5 to 3.08 X 10*). Suppression of 
cholesterol synthesis, increased LDL receptor activity. Increased 
cholesterol esterificatlon rates and the lack of ability to accumulate 
cholesterol in receptor-deficient cells provided additional evidence that 
the accumulation of cholesterol frow hypercholesterolemio LDL was because 
of enhanced delivery of LDL cholesterol to the cells. 
Modification of the apoprotein component of LDL influences LDL binding 
capacity to a large extent. Chemical modifications, such as trypsin 
modification (76), malonaldehyde modification (77), reductive methylation 
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(71,78), 1,2-oyolohexan%dlone fflodifiobtion (63.71), glyoosylation with 
gttlaotoae, &luooae, mannoae or idoae (71,79*80), oarbao^ lation (79,81) and 
2-hydroiio«tald«hyd« treatmewt (82) hiiv«t beun erfeotive in eliminating tl* 
ability or LDL to bind with the LDL receptor by modifying the surfaoe lysyi 
and (or) ar&inyl reaiduea of the apoprotein. Studiea utilizing auoh 
manipulationa h&ve eatabliahed that the intur&otion between LDL and its 
high-affinity receptor on cell membranea depends on electrostatic 
attractions between the lysyl or arginyl residues in the particle surface 
and the negative domains on the receptor protein (76,82-81). (faberlund ana 
coworkers (77) speculated that neutralization of specific lysyl residues of 
the ApoB polypeptides results in a change of conformation of the LDL, thua 
compromising the ability of the lipoprotein to bind to its receptor. The 
questions that remain to be investigated, however, are whether the 
apoprotein may be modified in vivo by orug or dietary manipulations and. if 
so, whether these modifications result in the accumulation of cholesterol 
in cells. 
Receptor-independent mechanisms 
While the foundation for a basiy unaerstanding of receptor-uediatea 
LDL uptake has been laid, receptor-independent uptake of LDL ana Cor) 
cholesterol is not well understood. A number of observations have been 
recorded, and mechanisms have been proposed; but, the evidence on which to 
base firm conclusions regarding the sites, importance and implications of 
these processes is lacking. 
Bell (65) concluded that cholesterol exchange to erythrocytes and 
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aortfas was & physioohe&iQal phenomenon, not an energy-dependent one, which 
would imply that no receptor-mediated uptake was occurring in these 
tissues. Stender and Zilversmit (86) stated that the "relative intimai 
clearances of VLDL, LDL and HDL are more dependent on their sise relative 
to pores or vesicle diameters at the plaama-trtery interface than on 
specific interactions between the lipoproteins and the arterial intimai 
surfaces.** In contrast, Hitschelen et al. (8?) found that, even though 
there were marked differences in cholesterol composition of normal and 
hypercholesterolemic LDL of nonhuman primates, there was no difference in 
the chemical potential for surface transfer of free cholesterol. They 
concluded that, if a difference in surface transfer of free cholesterol was 
responsible for atherosclerosis, the difference must be the result of 
interactions of the LDL with the cell membranes. 
Three basic mechanisms may play a role in receptor-independent uptake: 
fluid-phase endocytosis (pinocytosis), transfer of cholesterol froia the 
intact lipoprotein to the cell without cataboliso of the lipoprotein and 
uptake and subsequent catabolism of intact LDL by a mechanism other than 
high-afffioity receptors (33). The relative importance of the mechanisms 
in re^ rd to each other and to receptor-mediated uptake only can be 
estimated at present. 
Fluid-phase endocytosis is a mechanism by which the cell clears plaswa 
lipoproteins tot^ ether with the other plasma proteins in the proportions in 
which they are found in plasma. Uptake of cholesterol is dependent upon 
the concentration of cholesterol in plasma. This is probably not a major 
component of the total cholesterol influx because the rate is very low even 
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in rapidly dividing cells (88). 
Transfer of cholesterol from intact lipoproteins without oataboliam of 
the lipoprotein may ooour without uptake of the particle or possibly by 
uptake of the particle followed by "retroendooytosis" of a 
partially-depleted lipoprotein (88). O'Malley and coworkers (89) showed 
that 2.3 times as much cholesterol accumulated in rabbit hepatooytes after 
a three-hour incubation with LDL as did apoprotein. Another study 
indicated that uptake of cholesterol from LDL was proportional to the 
temperature, time of incubation and concentration of LDL in the culture 
medium of both receptor-intact and receptor-defective human fibroblasts 
(90). Stender and Zilversmit (91) studied this uptake mechanism in vivo 
and found it to account for as much as 80S of the total free cholesterol 
influx in some tissues. Efrati and others (92) demonstrated that both free 
and esterified cholesterol can be transferred from LDL to mycoplasma 
membranes by a simple exchange process that does not involve prolonged 
contact or fusion of the particle with the membrane nor degradation of the 
particle. The authors speculated that similar mechanisms of free and 
esterified cholesterol transfer also may function In vivo and contribute to 
the process of cholesterol exit from the plasma, An aqueous diffusion 
mechanism has been described that would account for the transfer of 
cholesterol on a molecular level: Monomerlc cholesterol migrates from the 
donor awmbrane Into the water Interphase, after which the molecules diffuse 
until colliding with an acceptor structure, where they can be solubllized 
(93). Slotte and Lundberg (94) studied this mechanism In detail and found 
that the net transfer of free cholesterol was dependent on the molar ratio 
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of eholeaterol to phospholipid in the lipid pool, that the exohanse process 
was temperature dependent and that cholesterol solubilised by an 
albunin-phospholipid complex was readily available for exchange. Because 
LDL are cholesterol-protein-phoapholipid complexes, this mechanism may be 
the basis behind receptor-independent incorporation of free cholesterol 
from LDL. The implications of the function of such a mechanism in the 
etiology of atherosclerosis were stated by St. Clair (73); if independent 
entry of cholesterol is greater from the hypercholesterolemic LDL than from 
normal LDL, then the enhanced atherogenioity of the hypercholesterolamiw 
LDL would be explained, "since there would be no control over the 
pathological accumulation of cholesterol if cholesterol entered cells of 
the arterial wall by circumventing the highly regulated LDL receptor 
mechanism." 
Evidence for uptake and catabolisn of intact LDL by a mechanists other 
than high-affinity receptors is strong and cornea from studies with modifier 
LDL and with receptor-deficient cells. Uptake by this mechanism accounts 
for 10 to 25$ of the total cholesterol influx at the LDL concentrations 
used to assay higlt-affinlty binding and may account for 50% or more of the 
influx when lipoprotein sterol approaches physiological levels C3S>. A 
review of the research to date shows that receptor-independent metabolism 
accounts for 26 to 72$ of the total LDL catabolized, depending on the 
species and the method used to measure catabolisn (63,80). Rabbits 
degraded 30 to of the LDL by way of receptor-independent processes, 
while the proportion in guinea pigs was estimated as 34 to 40$ and the 
proportion in normal man was determined to be 37$ (30). The proportion may 
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be âubjeet to metabolic regulation; polyunsaturated fatty acids were found 
to increase LDL degradation by this pathway, as well as to increase 
receptor-mediated degradation (70), whereas cholesterol feeding was found 
to either decrease catabolism by this mechanism (82) or to have no effect 
(63,69). Fasting had no effect on clearance of LDL by the 
receptor-independent pathway in rabbits (69), Benzafibrate therapy in type 
II hyperlipidemics also failed to have an effect on receptor-independent 
catabolism of LDL (65). The extent to which receptor-independent uptake 
may be regulated by these or other factors is unknown. 
Tissue Sites of LDL Catabolism 
The relative contributions of the tissues to LDL catabolism by way of 
the receptor-dependent and -independent mechanisms are not firmly 
established. Species differences exist, and the investigation of the 
influences of diet and other environmental factors only recently kias be^ un. 
A number of studies have identified sites of receptor-dependent catabolism, 
but the sites of receptor-independent degradation are still unknown. 
The first evidence that tissues other than the liver ml^ ht participate 
in LDL catabolism was presented by Sniderman et al. (95). They found tkiat 
hepatectoo^  was followed by a "paradoxical** increase in the irreversible 
removal of LDL by swine. They suggested that the liver was not the major 
site of LDL removal but that the liver might alter the metabolism of LDL in 
some way to prolong its lifetime in the plasma compartment. In vitro 
studies showed significant uptake and degradation of LDL by swine arterial 
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smooth muscle cells, suggesting that peripheral (extrahepatio) degradation 
of LDL might be quantitatively important in vivo (96). 
Contributions of the tissues to receptor-dependent LDL oatabolisa 
Pittman et al. (97) have determined the relative amounts of 
receptor-dependent catabolism in the different tissues. By using 
Et^ O-sucrose-labeled LDL, they found that swine catabolizod about of 
the LDL in the liver and about that such in all the other extrahepatic 
tissues combined. Adipose tissue, skeletal muscle and small intestine were 
found to each catabolize 1 to 5$, The relative recoveries of catabolised 
LDL, expressed per gram wet tissue weight, compared with liver, were as 
follows: adrenal gland, 519; spleen, 33*9; lung, 6.2; lymph nodes, 28.0; 
kidney, 8.3; small intestine, 6.6; adipose, 1.8; and remaining tissues, 
less than 3.0. Another study with swine also found that the liver and the 
extrahepatic tissues each accounted for about of the total LDL 
catabolized (90). Every tissue examined contained t^ C-sucrose-LDL 
degradation products, indicating that every tissue participated in LDL 
degradation to some extent. Adipose tissue was a major site of LDL 
catabolism; if the relative activities of the tissues were expressed on tne 
basis of milligrams of cell protein (neglecting triglyceride), adipose was 
one of the most active tissues. 
Low density lipoprotein catabolism in rats has been studied by a 
number of investigators. Stein and others (99) measured the recovery of 
[3w]-chole8teryl linoleyl ether from LDL in rats and found catabolism to be 
28$ hepatic and 72$ extrahepatic. Thirty-four percent of the total 
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o&tabolistt OQourred in the caroaaa, 6% in small intestine and 32% 
distributed between all other organs* Pittman and coworkers (100) used 
[1*C]-auoroae LOL to study oatabolisn and estimated the liver contribution 
to be about 67%, with no other organ contributing more than 8%. Liver, 
adrenal gland and ovary were the most active per unit wet weight. Another 
rat study confirmed that the liver is the predominant aite of oatabolisn of 
Et%Cl-suoroae LDL in rats (78). In this study, the proportion of the 
uptake in each organ attributable to receptors was determined to be 67. 
in liver, 69.5$ in adrenal, 65.4* in ovary, 52.4$ in intestine, and 44.2% 
in kidney. Continuous infusion of LDL decreased the fractional degradation 
rate of liver by of adrenal by 57.3$, of ovary by 23.1% and of 
intestine by 32.1% from values obtained in the single injection experiment. 
The differences between the measurements made using [3H]-chole8teryl 
linoleyl ether LOL and [I^ CI-sucrose LOL may be resolved by considering 
that the tritium label traces the fate of the cholesteryl ester portion of 
the LOL, while the 1^ *0 label traces the apoprotein component. Perhaps the 
[ÏH].cholesteryl linoleyl ether LOL were exchanging a portion of the 
cholesteryl ether by way of a receptor-independent mechanism that was more 
active in the extrahepatic tissues. Oietschy et al. (101) also have 
quantified the contribution of different organs to plasma LDL clearance in 
the rat. They estimated the liver contribution to be 55 to 75%. 
Receptor-mediated catabolisn of LDL has been localized in rabbits as 
well, Pittman and colleagues (102) found that liver was the primary site 
of LDL cataboliso in rabbits. Receptor-dependent degradation was 
responsible for 62% of total degradation overall, for 63% of hepatic 
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dégradation, for 92% of adrenal degradation, and for 83^  of gut 
degradation. Slater and others (71) measured the relative tissue uptake of 
LDL in rabbits fed diets with or without cholesterol. Twelve weeks of 
cholesterol feeding depressed receptor-mediated uptake in every tissue 
measured except aorta, where uptake was increased significantly. 
Studies using electroimmunoassay (EIA) directed against ApoB have been 
used by Koff and his colleagues (103) to investigate the accumulation of 
lipoproteins containing ApoB in the aortas of cynonolgus monkeys. They 
suggested a selective retention of ApoB (presumed to represent LDL) by 
grossly normal aortic intima, because (a) t'm ApoB concentration of intima 
was greater than the LDL concentration of plasma; (b) the ApoB retention by 
other organs such as heart, kidney and lung was at least one order of 
magnitude less than that in the intima; (c) the aojacent tunica media did 
not contain measurable ApoB; and (d) by contrast, the intimai content of 
serum albumin was one-fifth the concentration in plasma. On a surface area 
basis, atherosclerotic plaques were found to contain much more ApoB than 
normal intima* Using a variety of methods, the authors showed that 
structurally altered LDL were present in both normal intima and in the 
plaques. Additional experiments with monkeys studied the effect of an 
atherogenic diet on the retention of ApoB (104). Feeding the 
atherosclerotic diet for 24 months resulted in significantly more 
loosely-bound and tightly-bound ApoB in the aortic arch; no tightly-bound 
ApoB was found in the aortas of controls. Thirty months of feeding the 
atherogenic diet increased ApoB retention over that seen after 24 months. 
The implications of these observations remain to be elucidated. 
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To aummarise our knowledge of tissaue contributions to 
receptor-mediated LOL oataboliam, we know that the hepatic contribution 
varies with species, ranging from about 40% in swine up to about 75$ in 
rats. We know that virtually every tissue participates in LDL oataboliam 
to some extent and that, on a per t^ ram of tissue basis, some tissues (e.^ ., 
adrenal and ovary) are very active. Adipose tissue is also very active per 
unit of cell protein. We also know that cholesterol feeding will influenct 
receptor-dependent oataboliam differently in aorta (of rabbits) than in 
other tissues: Uptake into aorta is increased with cholesterol feeding 
while it declines in other tissues. Finally, we know that we are Just 
beginning to understand the relative importance of the different tissues in 
the receptor-mediated catabolisn of LDL and the influence that diet and 
other factors have on the contributions of the tissues. 
Contributions of the tissues to receptor-independent LDL catabolism 
The site of receptor-independent LDL catabolisn is unknown. Evidence 
suggests that liver may be a major site, but receptor-independent 
catabolism has been shown to occur in virtually all tissues (71,78,102). 
Some observations suggest a role for the macrophages of the 
reticuloendothelial system (27,98), but other studies have produced data to 
the contrary (78,100). Factors that may be involved in the control of 
receptor-independent catabolism are unclear, although dietai^  cholesterol 
exerts some influence (71). The sites and regulation of 
receptor-independent catabolism of LDL are likely to be investigated 
closely in the future, because these processes, regardless of their 
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particular meohaniama, are likely to be inpliuated in the pathologiaal 
changea aaaooiated with atheroacleroaia. 
Effects of Diet Compoaition on Tiaaue Choleaterol Conoentrationa 
A lar^ e proportion (80 to 95*) of the cholesterol in cells is 
associated with the plasm# membrane, with only a small amount associatec 
with internal membranes (105), Excess cholesterol is found in the lipid 
storage droplets of various cells, with adipose tissue being a m^ jor 
storage or^ an (106). Changes in the amount of cholesterol storeu in & 
given tissue may occur in response to a variety of dietary manipulations, 
including changes in the source of dietary fat and protein and in the 
amount of dietary cholesterol. The factors that regulate cellular 
cholesterol concentrations are not well-understood but involve maintaining 
a balance between cellular cholesterol influx, efflux and synthesis. 
Dietary fat, cholesterol and protein exert their influence on tissue 
cholesterol through any or alX of these mechanisms; evidence for their 
influence on cholesterol influx has been presented elsewhere in this 
review. 
Dietary fat and cholesterol 
Many species of animals have shown tissue cholesterol responses to 
changes in dietary fat source or to cholesterol feeding. Calves (107-111), 
guinea pi^ s (112), prairie dogs (113), gerbils (114) and Japanese quail 
(115) are som^  of the species that have been studied. A large body of data 
exists for rats, rabbits and swine; this review will concentrate on these 
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data. 
One of the earliest studies of the effect of dietary cholesterol on 
tissue cholesterol were done by Ho and Taylor (113). When rats were fed 
high cholesterol diets for 9 months, little change in tissue cholesterol 
was noted. When rabbits consumed high cholesterol diets, however, the 
cholesterol concentration of most tissues increased to 2 to 5 times the 
concentration of cholesterol in control animals, while the concentration of 
cholesterol in spleen and liver increased 10 times, in aorta, 20 tisMs and 
in skin, 10 times. When rabbits consumed the high-cholesterol diets for 
only 3 months and then were returned to a cholesterol-free diet, most of 
the excess cholesterol was removed after 3 to 6 months, but aorta and skin 
showed very slow and Incomplete removal. When rabbits were fed standard 
rabbit pellets * Z% cholesterol, all tissues except brain accumulated 
cholesterol when compared with controls (116,117). Rats fed 
cholesterol-enriched diets had greater liver and heart cholesterol 
concentrations but similar cholesterol concentrations in the aorta than did 
controls (118). Hypothyroid rats were fed either an atherogenic diet or a 
control diet for five months (119). After three weeks, the cholesterol 
concentration of the adipose tissue, liver, carcass and soleus muscle of 
the atherogenic diet-fed animals had increased. After five months, the 
liver had 20 times more cholesterol than at three weeks, while the 
cholesterol concentration in all other tissues had remained constant. Tlie 
authors suggested that tissue cholesterol concentrations may be regulated. 
Swine consuming diets containing 2% cholesterol bad greater 
concentrations of cholesterol in the liver and coronary arteries than did 
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swine Qonsufflin^  no oholestbrol (120), In a rare study using humans, 10 
people consumed approximately 3 grams of cholesterol per day, while 10 
others consumed between 0.1 and O.U grams per day. After three weeks, 
liver biopsies showed that the liver cholesterol concentration of the ^ roup 
consuming the larger amounts of cholesterol was 62% greater 021). Most 
species, then, respond to dietary cholesterol by increasing the amount of 
cholesterol in their livers and sometimes in other tissues. Rata respond 
with more variability but also tend to accumulate tissue cholesterol aa a 
result of consuming large amounts of dietary cholesterol. 
A variety of fat sources has been used to study the effects of 
polyunsaturated and saturated fat on tissue cholesterol concentrations. 
Miniature swine were fed cottonseed oil or a mixture of myristic and lauric 
acids for It months; consumption of the unsaturated fat resulted in 
increased liver cholesterol concentrations, but similar concentrations in 
the coronary arteries (120). Elson and coworkers (122) fed swine seven 
different blends of cottonseed oil, high oleate safflower oil, soybean oil 
and bydro^ enated soybean oil and concluded that, within the constraints of 
the fatty acid composition of the fats in the typical diet, variations in 
the proportion of the three fat components had little impact on heart, 
liver or aorta cholesterol concentrations. Bats fed butter fat or 
safflower oil had similar liver cholesterol concentrations (123), while 
rats fed safflower oil were found to have greater cholesterol 
concentrations and those fed coconut oil had lower cholesterol 
concentrations in the epididymal fats pads when compared with rats fed a 
stock diet (124). Safflower oil-fed rats had less liver cholesterol and 
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concentrations of cholesterol in the adipose tissue but similar 
concentrations in liver and skeletal muscle (133). Pias fed soy-based or 
beef-based diets (containin* protein and fat from those sources) showed no 
difference in liver cholesterol concentrations, but viscera, aorta, carcass 
and whole body cholesterol concentrations were much greater in the soy-fed 
pigs (45), In contrast, Porsythe et al. (13%) found no significant 
difference in liver or aorta cholesterol concentrations when pigs were fed 
polyunsaturated (P/S » 3.0) or saturated (P/S a 0,3) fat. Polyunsaturated 
f#t did have a tendency to increase the cholesterol concentration in these 
tissues, however. Overall, polyunsaturated fat feeding tends to increase 
tissue cholesterol. The particular tissues that respond seem to be partly 
species specific and also may be influenced by the degree of 
polyunsaturation of the diet. 
Protein 
The nwst extensively studied protein sources are casein and soy 
protein. The response to these proteins, however, has not been consistent. 
Kin and coworkers (1]5) fed swine high-fat, high-cholesterol diets 
containing casein or soy protein and found that the total body cholesterol 
concentration increased significantly when casein was fed. Liver 
cholesterol concentrations showed a marked increase in response to casein, 
while skin, muscle, adipose tissue and aorta cholesterol concentrations 
were unchanged. Sautier and others (136) found similar liver cholesterol 
concentrations, as well as similar aorta cholesterol concentrations, when 
rats were fed soy protein or casein. Okita and Sugano (137) fed rats 
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twice the perirenal edipoae cholesterol concentration as rats fed stripped 
lard. There was no difference induced by the fat sources in the 
cholesterol concentration of the epididymal, subcutaneous or mesenteric 
adipose tissues (125), Kellog*; (126) fed gers-free and conventional r^ ts 
semipurified, cholesterol«free diets that contained either 20% aufflower 
oil or 20% coconut oil and found that safflower oil increased liver 
cholesterol concentrations but did not influence the cholesterol 
concentration of skin, muscle, adipose tissue or the gastrointestinal 
tract. A number of dietary fats were compared by Kritchevsky and others 
(127): Liver cholesterol was greatest in rats fed 1^ *$ com oil for five 
weeks, less in those fed cocoa butter, still less in those fed palm kernel 
oil and least in those fed coconut oil. Kummerow and colleagues (123) 
compared hydrogenated trans fat, used commercial frying fat, butter fat, 
com oil and beef tallow and found swine to have the same aorta cholesterol 
concentrations. Peanut oil increased liver cholesterol concentrattona in 
rats (129) and rabbits (130). 
A number of studies have compared soybean oil and tallow. Misera ana 
coworkers (131) fed rats either soybean oil or tallow as 30% or 50* of 
dietary calories and found that soybean oil increased the cholesterol 
concentrations of liver, epididymal fat and kidney but did not influence 
muwcle cholesterol. Rabbits fed skiat-milk diets containing soybean oil had 
greater concentrations of cholesterol in skeletal muscle, adipose tissue, 
heart, aorta, kidney, skin and intestinal mucosa than did rabbits fed 
tallow; liver and brain cholesterol remained unchanged (132). Pigs fed 
seioisynthetic diets containing soybean oil or beef tallow had greater 
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low-fat, iâonltrogenous diets containing casein or soy protein and found 
liver cholesterol concentrations were less with soy protein consumption; 
similar results were obtained when the proteins were fed in 
cholesterol-enriched, senipurified diets to both lean Zuoker rats (34) and 
genetically obese Zuoker rats (39)• Casein also increased liver 
cholesterol concentrations of pi&s fed semisynthetic diets when compared 
with those fed soy protein, but protein source had no effect on adipose 
tissue or muscle cholesterol concentrations (133). Rabbits fed casein in 
cholesterol-free, semisynthetic diets had greater liver cholesterol 
concentrations when compared with soy protein-fed rabbits (35). 
Studies with other proteins are necessary to distinguish if this is an 
effect unique to casein and soy protein, or whether the pattern is 
consistent for all animal and vegetable proteins. When rabbits were fed 
senipurified diets containing either beef, textured vegetable protein or 
casein, liver cholesterol concentrations were lowest when the vegetable 
protein was consumed, significantly increased when beef was consumed ano 
increased even more when casein was consumed (138). Liver cholesterol 
concentrations decreased 51% from the concentrations seen with beef feeding 
when the beef was diluted 1:1 with textured vegetable protein, Swine fed 
beef.based diets (compared with soy-based diets) has similar liver 
cholesterol concentrations but less cholesterol in the viscera, aorta and 
carcass (45). Sautier and others (136) fed rats semipurified oiets without 
added cholesterol to compare four protein sources. Liver cholesterol was 
decreased when whey was fed but were similar when casein, isolated soybean 
protein or Isolated sunflower protein were fed. Aorta cholesterol 
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oonaentratlons were not signifioantly different, but whey and soy protein 
tended to decrease aorta cholesterol. Jenkins and coworkers (139) obtained 
more consistent results when feeding rats purified diets: Animal proteins 
(lactalbunin and collagen) decreased liver cholesterol when compared with 
plant proteins (soy protein and wheat gluten). 
The effects of soy protein and casein on liver cholesterol seem to be 
fairly consistent, but their effects on other tissues vary with species and 
other dietary factors. Studies with other protein sources suggest, 
however, that casein and soy protein may not be representative of their 
respective protein types. Research with a wide range of animal and plant 
proteins under a variety of conditions is necessary before it can be 
decided whether the effect of proteins on tissue cholesterol concentrations 
can b# predicted by their general source (animal or vegetable) or whether 
each protein must be considered individually. Additional research also 
will be necessary to determine the mechanisms by which dietary protein 
sources influence tissue cholesterol concentrations. 
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SECTION I. PLASMA LIPOPROTEINS AND LOL CLEARANCE 
IN MINIATURE SWINE FED VEGETABLE 
AND ANIMAL FATS AND PROTEINS 
36 
ABSTRACT 
In & 2 X 2 factorial arrangement, miniature pigs were fed four diets 
containing vegetable protein and fat (soybean) and animal protein (egg 
white) and fat (beef tallow) to investigate the effects of protein and fut 
source on total plasma cholesterol, lipoprotein distribution, low density 
lipoprotein (LDL) composition, and plasma clearance of LOL-cholesterol and 
protein. Beef tallow consumption resulted in greater plasma cholesterol 
concentrations, decreased LOL-cholesterol concentrations, and low«r 
LDL-cholesterol to LOL-protein ratios than did consumption of soybean oil. 
High density lipoprotein-oholesterol concentrations were increased by beef 
tallow consumption. The percentage by weight of cholesterol in LDL was 
significantly greater in pigs consuming soybean oil then in pigs consuming 
beef tallow. The percentage by weight of protein, triglyceride, and 
phospholipid in LDL was not significantly different in any group. Dietary 
protein source had no significant effect on total plasma cholesterol 
concentration, lipoprotein concentrations, or LDL composition. Egg white 
consumption decreased fractional catabolic rate and irreversible loss of 
LDL-cholesterol and -protein when compared with consumption of soy protein. 
Dietary fat source had no consistent effect on LDL clearance from plasma. 
Dietary fat and protein seemed to influence lipoprotein metabolism by 
different mechanisms. Pat source altered lipoprotein concentrations and 
LDL composition, whereas protein source affected the removal rate of LDL 
from plasma. 
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INTRODUCTION 
Vegetable products» espeoially soybean oil and soy protein, have been 
found by many researchers to be hypooholesteroleoio when compared with 
animal products consuiwd by many species (1-4). Dietary composition also 
influences low density lipoprotein (LOL) composition and clearance of LOL 
from plasma <5-9)• Many studies have used purified or aemipurified diets. 
Pats and proteins, however, usually are consumed us part of a mixed diet. 
Interactions between the fat and protein source, as well as with other 
dietary constituents, may play an important role in determining the overall 
effect of diet composition. Our research group has shown that feeding pigs 
complex diets containing soy protein and soybean oil resulted in no 
significant change in total plasa» cholesterol while decreasing 
LDL-cholesterol concentrations and increasing HOL-uholesterol 
concentrations when compared with diets containing beef protein ano beef 
tallow (10). These diets were not purified, and contained fiber, 
carbohydrates, and other components naturally present in feedstuffs. 
Our interest was to investigate the influences of dietary protein and 
fat source in the context of diets that are composed of ingredients that 
might be consumed by people living in the United States. Accordingly, cur 
objectives were to determine, in miniature pigs, the effect of source of 
dietary protein and fat (a) on cholesterol concentration in plasma ano its 
distribution between the major plasma lipoproteins, (b) on LOL composition, 
and (c) on clearance of LDL-cholesterol and LDL-protein from the plasma. 
Swine were chosen as the animal model because they are naturally omnivorous 
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and are similar in oardiovaaoular and digestive physiology and in their 
blood and lipid profile (11-13). 
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MATERIALS AND METHODS 
Animals 
Sixteen Hormel miniature pigs (Sinclair Research Farm, St. Louis, MO} 
and eight NIK strain (originally Yucatan x Hormel) miniature pigs (Bisland 
Memorial Swine Breeding Farm, Iowa State University, Ames, lA) were divided 
into four groups that were balanced for breed and sex (16 males, 8 
females), Pigs were maintained at 22 C and housed individually in 
stainless steel cages with mesh floors suspended over sawdust. 
Diets 
Beginning at 6 weeks of age, pigs were fed four isocalorio, 
isonitrogenous diets (6 pigs/diet) in * 2 x 2 factorial arrangement. Diets 
contained raw egg white (Crystal Whip egg whites. Crystal Food, Inc., 
Minneapolis, MN) or àcy protein isolate (Supro 620, Ralston Purina Co., St. 
Louis, MO) as the main protein source and rendered beef tallow (Country 
Meat Market, Granger, lA) or soybean oil (Edsoy, Staley Mfg., Co., Decatur, 
ID as the main fat source. The ingredient and nutrient compositions of 
the diets are shown in Tables 1 and 2. Diets were supplemented with 
lysine, methionine, vitamins, and minerals to meet the 1979 (iational 
Research Council recommendations for growing pigs consuming high-energy 
diets (14). Additional biotin (Hoffmann-La Roche, Inc., Nutley, (IJ) was 
added to the egg white-containing diets to overwhelm the biotin-biuding 
capacity of the avidin contained in the raw egg white. In addition, dried 
egg yolk (standard dried egg yolk solids, Oskaloosa Food Production Corp., 
Oskaloosa, lA) was added as necessary to provide each pig with 
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Table T* Ingredient Composition of Diets 
Diet* 
Ingredient EW-SO EV^ BT 3^ 30 
% of dry nfttter 
Ground shelled com 55.0 55.0 58,5 58,8 
Raw egg white 19*2 19,7 - -
Soy protein isolate - - 15,5 15,7 
Soybean oil 17.0 - 17.0 -
Beef tallow - 17.0 - 17,0 
Dried egg yolk 2,9 2,t 2*9 2,4 
L-Lyslne-HCl 0,6 0,7 0*% 0,4 
DL-Methicnine • • 0*4 o.tt 
Vitamln-islneral supplements^  5,2* 5,30 5*2 5 3 
**EW s egg white, SP # soy protein, SO * soybean oil, BT # beef tallow. 
S^upplement* were added so that the diets contained at least these 
concentrations of the following nutrients, expressed as % or amount per kg 
diet (dry-matter basis): Ca, 0,72$; P,0.61$; Na, 0.11%; CI, 0*11$; K, 
0.29$; %, 0,04*; Fe, 89 mg; 2n, 89 mg; Hn, 3*3 mg; Cu, 5.5 %; I, 0,16 «%; 
Se, 0.17 mg; vitamin A, 19%% lU; vitamin D, 222 lU; vitamin S, 12 XU; 
vitamin K, 2,2 mg; riboflavin, 3*3 mg; niacin, 20 m*,; pantothenic acid, 12 
mg; choline, 1000 mg; vitamin Big, 17 pg* 
A^dditional biotln was added at 96 )ig blotln/100 g egg white dry 
matter. 
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Table 2. Nutrient Composition of Dleta 
Diet* 
Component EW-SO ËÎWT SP^ SÔ 
Dry matter (DM), $ 40.3 39.8 92.3 92.3 
Digestible energy, 
kcal/tOO 6 DM 46j.O 463.0 463.0 463.0 
Protein, % DM 21.0 21.1 21.0 21.0 
Pat, i DM 21.4 21.0 21.7 21.3 
Fiber, % DM 1.4 1.4 1.5 1.5 
Ash, % DM 5.6 5.9 5.7 5.9 
Cholestérol, o^ /lOO g DM 87.0 87.0 87.0 87.0 
P/Sb 2.3 0.2 2.3 0.2 
*See Table 1. 
P^roportion by weight of polyunsaturated to saturated fatty acids in 
diets* 
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approximately 30 mg of oholeaterol daily per kg of body weight. Diets wure 
fed once daily for 6 weeks. Pigs were weighed weekly, and feeding rates 
were adjusted weekly so that each pig's daily dry matter allowanoe was 3.5% 
of its body weight. Water was available ad libitum. 
Plasma Lipids 
Each week, pigs were fasted for 12 hours, and then blood samples were 
oolleoted by way of orbital sinus puncture. Disodium ethylene diamine 
tetraacetate was used as an anticoagulant. Plasma was recovered by 
centrifugation and stored at approximately 2 C. Lipoproteins were 
separated from plasma by density adjustment and ultracentrifugation at 13 C 
(Model L-2 or L8-70 ultracentrifuge, Ti 50.3 rotor, Beckuan Instruments, 
Inc., Irvine. CA) by the method of Havel et al. (15). Total cholesterol 
and lipoprotein cholesterol concentrations were determined enzymatically 
(Centriflchem Cholesterol Reagent-6 min«. Baker Instruments Corp., 
Pleasantville, NY). Protein concentrations of LOL (apo-LDL) were 
determined by the method of Lowry as modified by McDonald and Chen (16), 
using bovine serum albumin as a standard* Initial (week 0) samples of LDL 
and those collected at weeks 3 and 6 also were analyzeo enzymatically for 
triglyceride concentrations [Triglycerides (500 nm). Fisher Scientific Co., 
Fair Lawn, IIJ] and colorimetrically for inorganic phosphorus concentrations 
(Phosphorus Rapid StatB Diagnostic Kit, Lancer Div. of Sherwood Medical, 
St. Louis, MO). An average molecular weight of 800 was used to calculate 
phospholipid concentrations from inorganic phosphorus. 
A3 
LDL Labeling 
After 4 weeks, additional LDL were isolated from each pig and the 
apoprotein component was labeled with EU-1*C]-auoro3e (555 mCi/mmol, 
Ameraham, Arlington Heights, ID by using the technique of Pittoan et al. 
(17,18)* This method produces LDL with the radioaotively labeled aucros* 
co'/alently bound to the apolipoprotein. Additional plasma was used to 
label the unesterified cholesterol pool in LDL with [1- a , 2- a -
(n)-3H]-oholesterol (17 Ci/mmol, Amershan, Arlington Keiahts, XL) by using 
thu technique of Schwartz et al. (19), Labeling of LDL was verified by 
ultraoentrifugation techniques (15) and by polyacrylamide gel 
electrophoresis (20). 
LDL Kinetics 
The [Swl-choleaterol- and [I^ Cl-sucrose-LDL from each pig were 
combined, and autologous injections (average 1.9 |tCi and 1.3 >iCi 
body weight) into the jugular vein were performed after the pigs hao 
consumed the diets for 6 weeks. Serial blood samples were collected for 48 
hours from femoral vein catheters that had been inserted surgically at 
least 5 days previously. The specific radioactivities of I^ Hl-cholesterol 
and [l*C]-8ucrose in plasma were determined by using standard dual-label 
scintillation counting methods and were fitted to a two-pool model for 
disappearance by using the NNLIN program of the Statistical Analysis System 
(SAS) to calculate the half-lives of the curve components, fractional 
catabolic rate, and irreversible loss for LDL-cholesterol and apo-LOL. 
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Statistics 
Data were subjected to analysis of variance accordin* to the factorial 
arrangement in a randomised block design by using the SAS procedure GUt to 
determine the effects of fat and protein source and to test for 
interactions between fat and protein. Data are expressed as group means 
with pooled standard errors of the mean. 
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RESULTS 
All pigs readily oonaumed the feed offered, and bll but one grew well 
and were in good health throughout the experiment. One pig in the aoy 
protein-beef tallow group developed pneumonia; no data from this pig are 
included in statistical analyses. 
The mean weekly total plasma cholesterol concentrutions are shown in 
Fifture 1. Beef tallow caused a significant increase (P<0.05) in total 
plasma cholesterol by week 3, which was maintained until the end of the 
experiment. There were no differences in total plasma cholesterol 
attributable to type of dietary protein. Diet composition had no 
significant effect on VLDL-cholesterol concentrations (data not shown). 
The effect of the diets on LDL-cholesterol concentration is shown in Figure 
2. From week 4 onward, beef tallow consumption resulted in a significant 
decrease (F<0.05) in the proportion of the total cholesterol that was 
carried in the LDL fraction. HDL-cholesterol concentrations (data not 
shown) were significantly increased (F<0.05) as a result of beef tallow 
consumption at weeks 5 and 6. The ratio of HDL-choIesterol to 
LDL-cholesterol concentrations (Figure 3) was significantly greater 
(P<0.05) at week 4 and tended to be greater (P<0.08) at weeks 5 and 6 when 
beef tallow was consumed. Protein source had no consistent effect on 
plasma cholesterol concentration or on VLDL-, LDL-, or HDL-cholesterol 
concentrations. 
Concentration of apo-LDL as a function of diet and time is shown in 
Figure There were no significant effects of eiciier dietary fat source 
Figure I. Mean total plasma cholesterol concentrations. 
EU • e®5 **ite, SP • soy protein, IT • beef 
tallow, SO " soybean oil, * • fat effect. Each 
group had six pigs except the soy protein-beef 
tallow group which had five. 
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Figure 2. Mean low density llpoproteln-cholesterol concentrations. 
expreased as percent of total lipoprotein cholesterol. 
EU « egg white, SP « soy protein, BT • beef tallow, 
SO « soybean oil, * « fat effect. Eadh group had six 
pigs except the soy protein-beef tallow group which had 
five. 
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Figure 3. Mean ratios of WDL-cholesterol to UNw-cbolesterol. 
BU • egg white, SP * soy protein, BT » beef tallow, 
SO " soybean oil, * • fat effect. Eadb group bad 
six pigs except the soy protein-beef tallow group 
which had five. 
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Figure 4. Mean low density llpoproceln-proteln concentrations. 
EU • egg white, SP • soy protein, BT • beef tallow, 
SO « soybean oil. Each group had six pigs except the 
soy protein-beef tallow group which had five. 
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or protein aouroe; the conoentr&tion of LDL-protein, however, tended to be 
greater in both tallow-fed groups at weeks 3 and 4 and in the egg 
white-beef tallow group at weeks 5 and 6 as well, when compared with both 
groups consuming soybean oil. The apo-LDL concentration of the soy 
protein-beef tallow group plateaued during weeks 5 and 6, whereas apo-LDL 
concentrations of the other three groups continued to increase. Figure 5 
illustrates the ratio of LOL-cholesterol to apo-LDL. This ratio tended to 
decline throughout the experiment for all dietary groups. Beef-tallow 
consumption, compared with soybean oil, resulted in a significantly smaller 
(P<0.05) ratio of cholesterol to protein at weeks U and 6. 
Low density lipoprotein composition is summarized in Table J, Protein 
source did not significantly influence LDL composition. Cholesterol, as a 
percentage of lipoprotein weight, was significantly greater (P<O.Oî) at the 
end of the experiment (week 6) in pigs consuming soybean oil than in pl*s 
consuming beef tallow. Protein percentage increasuo from week 0 to week 6; 
pigs consuming soybean oil tended (P<0.1C) to have a smaller percentage of 
LDL protein at week 3, but this difference Itad disappeared by week 6. The 
proportion of triglyceride tended (P<0,07) to be greater initially in pigs 
consuming soybean oil, but by the eno of the experiment, no consistent 
effect of dietary fat could be seen. There was, however, a significant 
interaction (P<0.05) between fat and protein at week 6. Pigs consuming the 
egg white-beef tallow diet had the greatest proportion of triglyceride and 
those consuming the soy protein-soybean oil diet had the next greatest 
proportion while pigs consuming the other two diets had similar 
triglyceride percentages, with those consuming the soy protein-beef tallow 
Figure S. Hean ratios of LDL-cholesterol to apoprotein. 
EW « egg »*lte, SP • soy protein* BT » beef tallow, 
SO « soybean oil, * « fat effect. Each group had 
six pigs except the soy protein-beef tallow group 
which had five. 
LDL CHOL'LDL PROTEIN(mg/mg) 
" I 1 1 § I 5 —I 
5858 
9S 
57 
Table 3* LDL Composition 
Diet* Pooled 
Week/LDL Component EW-SO EW-BT SP-SO SP-BT SEM 
% weight 
Week 0 
Cholesterol^  30.5 28.7 29.8 28.9 I.K 
Protein 26.7 28.5 26.0 25.0 3.3 
Triglyceride 7.5 5.9 6# 1 5.2 1.0 
Phospholipid 35.3 37.0 38.1 41.0 2.9 
Week 3 
Cholesterol iO.2 26.6 27.8 29.6 2.2 
Protein 30.0 34.5 29*8 34.1 2.6 
Triglyceride *.5 5.9 K.tt 5.2 1.1 
Phospholipid 35.3 33.1 38.0 31.2 2.1 
Week 6 
Cholesterol 27.2° 21.0 26.9® 25.1 1.9 
Protein 32.9 35.3^  31.6, 32.5 2.7 
Triglyceride 5.9* 10.2* 8.2* 6.6d 1.6 
Phospholipid 34.1 33.5 33.3 35.9 2.4 
®S«e Table 1. 
bpree + esterified. 
cpat effect, P<0.01. 
F^at X protein Interaction, P<0.05, 
sa 
diet being slightly greater* There were no significant dietary effects on 
phospholipid percentage, which remained constant throughout the study. 
Kinetic parameters of LOL-oholesterol and apo-LDL are presented in 
Table 1. Some difficulty was experienced with maintaining the patency of 
the femoral vein catheters, and therefore six pigs per diet were not always 
available for LOL kinetics measurements. The number of pigs consuming each 
diet for which complete blood samples were collected is included in Table 
4. There was no diet effect on the half-life of the first component of the 
disappearance for either the apoprotein or the cholesterol constituent of 
LOL* Half-lives of the second curve component for apo-LDL were 
significantly shorter (P<0*05) in pigs consuming soybean oil than in pigs 
consuming beef tallow. Fractional catabolic rate of apo-LDL and 
LDL-cholesterol tended (P<0.t0) to be less in pigs fed egg white when 
compared with pigs fed soy protein; irreversible loss of LDL-cholesterol 
also tended (P<0*10) to be lower in pigs consuming egg white* 
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Table Kinetics of LDL Cooponents 
Diet* Pooled 
Variable EW-SO EW-BT SP-SO SP-BT SEM 
n 5 5 5 3 
Apo-LDL 
Half-life, tst aottponent 
<h) 0.87 1.13 1.19 1.51 0.35 
Half-life, 2nd oonponent 
15.3b (h) 18.lb 21.5 27.9 3.5 
Fractional oatabolio 
rate (hr*) 0.009 0.006 0.028 0.010 0.015 
Irreversible loss 
(ag/H % kg) 0.87 0.U5 0.4% 1.28 0.38 
LDL-obolesterol 
Half-life, let component 
(b) 0.22 0.24 0.23 0.35 0.07 
Half-life, 2nd component 
(h) 26.6 25.8 26.1 18.2 7.0 
frbotional oatabolio 
rate (h-*) 0.013® 0.008* 0.02* 0.022 0.006 
Irreversible loss 
0.2ld (%/h X kg) 0.83d 1.52 2.52 0.82 
Table 1. 
bf&t effect, P<0.10. 
Gproteln effect, P;0.06 
dprokein effect, P<0.010, 
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DISCUSSION 
Aa in ooat studies» b«6f tallow waa hyperoholeaterolemio when compared 
with soybean oil. Egg white did not have a hyperoholeaterolenic effect 
compared with soy protein. This is not unexpected because Carroll (1) 
showed that, of a variety of animal proteins, egg white was the least 
hypercholesterolemic when fed to rabbits. Any hypercholesteroleuic effect 
of the egg white also might have been diluted by interaction with the 
protein provided by the ground com; evidence for such interactions between 
beef and vegetable proteins and between casein and soy protein hbve been 
presented The interaction of protein source with other dietary 
ingredients, such as carbohydrate or fiber, also a»y have been a factor. 
O'Brien and Reiser (22) found no significant difference between the serum 
cholesterol concentrations of rats consuming diets containing beef and 
bread and those of chow-fed rats. Rats in the same study fed purified 
diets, however, had significantly greater serum cholesterol concentrations. 
Llpoprotein-cholesterol concentrations were influenced by dietary fat, 
but not by dietary protein. Low density lipoprotein-cholesterol 
concentrations decreased and HDL-choleaterol concentrations increased when 
beef tallow was consumed, resulting in an increased HDL to LDL ratio. This 
could be considered an antiatherogenic effect, because such changes are 
associated with a decrease in the risk of atherosclerosis and coronary 
heart disease (23). These changes, however, are different from those 
observed in other studies. Diets that were high in polyunsaturated fats 
decreased both LDL* and HDL-cholesterol concentrations in some cases 
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(2%,25), whereas in others, LDL-oholeatarol was reduced while 
HDL-cholesterol remtiined constant (26-28). In one study, rats fed beef 
tallow had LDL-oholeaterol concentrations similar to thoae of rats fed corn 
oil (29)* Because the response to polyunsaturated fat may vary, other 
unknown factors also must play a role in determining the concentration of 
lipoproteins. Interactions between type of fat and cholesterol and between 
dietary fibers and dietary fat have been shown (30,31). Other factors are 
likely to be involved, emphasizing the need to evaluate the effects of 
dietary factors in the context of complex diets as well as in defined 
diets. The extent of the influence of the source of dietary protein on 
lipoprotein concentrations also needs to be studied further. Experiments 
with rats (32-3*), chickens (35), swine (36) and people (37) showed that 
dietary protein source had no effect on LDL-oholesterol concentrations and 
only a slight, variable effect on HOL-oholesterol concentrations. It seens 
that the source of dietary protein may have less effect than type of 
dietary fat on lipoprotein concentrations; our results indicating no 
differences in response between egg white and soy protein, then, are not 
unexpected. 
Low density lipoprotein composition also has been shown to be 
sensitive to diet composition, n^erally, when an effect is seen, 
polyunsaturated fat consumption results in LDL that have less cholesterol, 
more protein and triglycerides, and a lower ratio of cholesterol to protein 
(6,30,38). As with the lipoprotein concentrations, we observed an effect 
that was opposite to that expected. Soybean oil increased cholesterol, 
decreased protein, and increased the ratio of cholesterol to protein. We 
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obswrvud no effect of protein source on LDL composition, but other workers 
have shown that animal proteins may increase LDL-cholesterol without 
changing apo-b (7,39)* The ratio of cholesteryl ester to tryglyceride in 
LDL also may be increased by animal protein (9). 
The values of the kinetic parameters measured in our pigs are of the 
same order of magnitude as those reported by other workers. Half-lives of 
0,8 to 4.5 hours have been reported for the first exponential tnd 19.3 to 
22.5 hours for the second exponential component for the disappearance of 
[125x].ldl (#0-42). These half-lives would correspond with those for 
apo-ldl in this study. Fractional catabolio rates measured for [^^^i]-ldl 
or ldl apo-b ranged from 0.015 to 0.046 per hour (40-43). Irreversible 
losses in our pigs were similar to the flux rates of ldl apo-B in miniature 
pigs fed chow (43). It should be noted, however, that considerable 
variability exists between individual pigs. 
The fractional catabolic rates and extent of Irreversible loss of both 
apo-LDL and LDL-cholesterol tended to be less, and the half-life of the 
second component tended to be greater, in pigs consuming egg white compared 
with those consuming soy protein. This observation suggests that the 
source of protein influenced the rate at which LDL were catabolized; that 
is, animal protein caused LDL to be removed from the circulation at a 
slower rate than did plant protein. Similar observations have been oade 
with rabbits (9,44) and rats (45). Nestel and coworkers, however, found 
that vegetarians had significantly lower flux of LDL than did omnivorous 
controls (46). 
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Source of dietary fat had no oonaistent effect on LDL clearance from 
plasma in our study. Other studies have shown diets high in 
polyunsaturated fat to have variable effects (#7.49). The influence of 
type of fat on LDL clearance, therefore, remains to be clarified. 
Pigs consuming beef tallow in our study had greater plasma cholesterol 
concentrations, but lesser LDL-cholesterol concentrations and greater HDL 
to LDL ratios. These results suggest that elevated plasma cholesterol 
concentrations alone may be misleading and emphasize the contention that 
the distribution of cholesterol in the lipoproteins also must be considereU 
when assessing the effects of a dietary regime on overall atherogenic risk. 
The observations that dietary fat source influenced LDL concentration and 
composition, while protein source influenced rate of LDL clearance, suggest 
that protein and fat influence plasma lipid concentrations by different 
mechanisms. Perhaps dietary fat exerts its control by changing the 
cholesterol-carrying ability of plasma through an interaction between LDL 
concentration and composition, whereas protein exerts its effects at the 
level of the tissues by, in some way, influencing the interaction of the 
LDL with their receptors or by altering the extent of receptor-independent 
catabolisa of LDL. Additional study will be necessary to establish 
definitively the mechanisms whereby dietary protein and fat influence LDL 
concentrations, composition, and clearance and to establish the extent to 
which diet-induced alterations in these metabolic parameters affect the 
relative risk of atherosclerosis and coronary heart disease. 
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SECTION II. MECHANISMS 
TISSUES Of 
AND ANIMAL 
OF CHOLESTEROL ENTRY INTO 
MINIPICS FED VEGETABLE 
FATS AND PROTEINS 
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ABSTRACT 
In a 2 X 2 fuotorial arrangement, miniature pi^ s were fed four diets 
containing vegetable protein and fat (soybean) and animal protein (egg 
white) and fat (beef tallow) to investigate the effects of protein and f*t 
source on tissue cholesterol concentrations, uptake of intact low density 
lipoproteins (LDL), and free cholesterol exchange from LDL to tissues. 
Soybean oil feeding, compared with beef tallow feeding, resulted in greater 
concentrations of cholesterol in aorta, heart, and large and small 
intestines. Similar trends were seen in liver, adipose tissue, and 
skeletal muscle* Dietary protein source had little or no effect on tissue 
cholesterol concentrations. Uptake of intact LDL, as measured by using 
[l4c]8ucrose-LDL, tended to be greater when pigs were fed soybean oil or 
soy protein. Net exchange of free cholesterol from LDL, as measured with 
(^ HJcholesterol, tended to be greater when the vegetable products were fed. 
Relative contributions of whole tissues to total uptake by either loechanisct 
were not influenced by diet. Mechanisms in addition to uptake of 
cholesterol from LDL seem to be Involved in the greater accumulation of 
tissue cholesterol resulting from polyunsaturated fat feeding. 
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INTRODUCTION 
Inoreaaed déposition of oholeaterol in tiaauea tfter uonaumption of 
dittta high in polyunsaturated f&tty aoids has been obaervwd in a number of 
speoiea (1-3)* The mechanism for this acoumulation is unclear, but it is 
likely to be mediated by the interaction of low density lipoproteins CLOD 
with the cells. Degradation of LDL was increased when linoleic acid was 
supplied to cultured fibroblasts in the medium (4). It has not been 
determined if a similar effeot occurs in vivo. Changes in membrane li»»id 
composition may have an effect on LDL receptor function or expression 
because the receptors are an integral part of the plasma membrane. 
Clandinin and colleagues have shown that the structural lipid composition 
of plasa» membranes of tissues can be altered in vivo by differences in 
dietary fat saturation (5). Changes in plasma membrane composition also 
may alter receptor-independent catabolism of LDL or the extent of surface 
exchange of cholesterol. Transfer of unesterified cholesterol betwttn 
serum lipoproteins and cell membranes can play an important role in the 
regulation of cellular cholesterol because this process can result in the 
removal of cholesterol from cells by way of an acceptor, such as hi^ h 
density lipoprotein (HDL), as well as result in delivery of cholesterol to 
cells (6). Cholesterol exchange between serum lipoproteins is influenced 
primarily by lipid-lipid interactions and may lead to net transfer from LDL 
to the cells when the ratio of free cholesterol to phospholipid or free 
cholesterol to cholesteryl esters in LDL has been changed (7). Entry of 
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oholâsterol by this route could be significant because, unlike the 
LDL-reoeptor pathway, this pathway is not rogul&ttd strictly. The 
contribution of different tissues to the in vivo degradation of plasma LDL 
in pigs on A chuw diet has been described (8), but very little information 
is available regarding the influence of diet on tissue contributions to LDL 
degradation* 
Previous research in our laboratory suggested that dietary fat, and 
possibly dietary protein, may influence tissue degradation of intact LDL 
and surface exchange of free cholesterol from LDL to cells (9). The 
objective of this study was to determine the effect of dietary fat and 
protein source in a complex diet on (a) the cholesterol concentration# of a 
variety of tissues, (b) the uptake of intact LDL by those tissues, and (e) 
the net exchange of free cholesterol from LDL to the tissues. 
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MATERIALS AND METHODS 
Animals 
Sixtoen Hormel mlniwture pi^ s (Sinclair Research Farm, St. Louis, MO) 
and eight NIH-strain (originally Yucatan x Hormel) miniature pigs (Uisland 
Memorial Swine Breeding Farm, Iowa State University, Ames, lA) were divided 
into four groups that were balanced for breed and sex (16 male, 8 female). 
Pigs were maintained at 22 C and housed individually in stainless-steel 
cages with mesh floors suspended over sawdust. 
Diets 
Beginning at 6 weeks of age, the pigs were fed four isoualoriu, 
isonitrogenous diets (6 pigs/diet) in a 2 x 2 factorial arrangeawnt. Diets 
contained raw egg white (Crystal Whip egg whites. Crystal Food, Inc., 
Minneapolis, MM) or soy protein isolate (Supro 620, Ralston Purina Co., St. 
Louis, MO) as the main protein source and rendered beef tallow (Country 
Meat (iarket. Granger, lA) or soybean oil (Edsoy, Staley Mfg. Co., Decatur, 
ID as the main fat source. The ingredient and nutrient compositions of 
the diets are shown in Tables 1 and 2. Diets were supplemented with 
lysine, methionine, vitamins, and minerals to meet 1979 National Research 
Council recommendations for growing pigs consuming high energy diets (10). 
Additional biotin (Hoffmann-La Roche, Inc., Nutley, NJ) was added to the 
egg white-containing diets to overwhelm the biotin-binding capacity of the 
avidin contained in the raw egg white. In addition, dried egg yolk 
(standard dried egg yolk solids, Oskaloosa Food Production Corp., 
Oskaloosa, lA) was added as necessary to provide each pig with 
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Table 1. Ingredient Conpoaition of Dieta 
Diet* 
Ingredient EW-SO EW-BT SP-SO 3P-BT 
$ of dry matter 
Ground ahelled oorn 55.0 55.0 58.5 58.8 
Raw egg white 19.2 19.7 mm 
Soy protein isolate 15.5 15.7 
Soybean oil 17.0 17.0 mm 
Beef tallow 17.0 17.0 
Dried egg yolk 2.9 2.% 2.9 2.% 
L-Lyaine-HCl 0.6 0.7 0.% o.u 
DL-Methionine mm 0.% 0.% 
Vitamin mineral aupplementa^  5.20 5.3* 5.2 5.3 
*EW M egg white, 3P # aoy protein iaolate, SO «soybean oil, BT # beef 
tallow. 
bgupplementa provided at leaat theae levela of the following 
nutrienta, expreaaed aa I or amount per kg diet (dry osatter-baaia): Ca, 
0.72$; P, 0.61$; Na, 0.11$; CI. 0.11$; K, 0.29$; Hg, 0.0%$; Fe, 89 mg; Zn, 
89 ng; Mn, 3.3 ng; Cu, 5.5 og; I, 0.16 mg; 3e, 0.17 mg; vitamin A, 19%% lU; 
vitamin D, 222 lU; vitamin E, 12 lU; vitamin K, 2.2 ng; riboflavin, 3.3 mg; 
niacin, 20 mg; pantothenic acid, 12 mg; choline, 1000 ng; vitamin Big, 17 
pg. 
GAdditional biotin waa added at 96 >ig biotin/100 g egg white dry 
matter. 
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Table 2. Nutrient Composition of Diets 
Diet* 
Component BW^ SO ËW^ Sf 3P^ s^3 3F3? 
Dry matter (DM), % 
Digestible energy, koal/IOOg DM 
Protein, % DM 
Fat. % DM 
Fiber, % DM 
Ash, i DH 
Cholesterol, og/100g DM 
P/Sb 
*0,3 39.8 92.3 92.3 
*63.0 463.0 463.0 463.0 
21.0 21.1 21.0 21.0 
21.4 21.0 21.7 21.3 
1.4 1.4 1.5 1.5 
5.6 5.9 5.7 5.9 
87.0 87.0 87.0 87.0 
2.3 0.2 2.3 0.2 
*See Table 1. 
P^roportion by weight of polyunsaturated to saturated fatty acids in 
diets. 
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approximately 30 mg of oholeatwrol daily per kg of body weight. Diets were 
fed onoe daily for 6 weeks. Pigs were weighed weekly, and feeding rates 
were adjusted weekly so that each pig's daily dry matter allowance was 3.5% 
of its body weight. Water was available ad libitum. 
LDL Labeling and Uptake 
After 4 weeks, LDL were isolated by way of density adjustment and 
ultraoentrifugation at 18 C (Model L-2 or L8-70 ultracentrifuge, Ti 50.3 
rotor, Beokman Instruments, Inc., Irvine, CA) from plasma collected from 
each pig (11). The apoprotein component of the LDL then was labeled with 
[U-**C]suorose (555 mCi/mmol, Amershao, Arlington Heights, ID by using the 
technique of Pittman et al. (8,12). This method produces LDL with the 
radioactive label covalently bound to the apolipoprotein. The lysosomal 
accumulation of [1*C]8ucrose provided a cumulative tally of the amount of 
protein that accumulated in a particular tissue. It has been estimated 
that between and 68$ of t(*e uptake of intact LDL is attributable to 
receptors (13). Additional plasma was used to label the unesterlfled 
cholesterol pool of LDL with [1- a ,2- a-(n)-3H]cholesterol (17 Cu/amol, 
Amersham, Arlington Heights, IL) by using the technique of Schwartz et al. 
(14). After correction for the amount of cholesterol accounted for by 
uptake of intact LDL, the remainder of the C^ HJcholesterol that accumulated 
was assumed to have entered by exchange at the cell surface. This amount 
estimated the net transfer of cholesterol because [Swjchoiesterol may 
exchange back to LDL or into HDL. 
The [3H]cholesterol- and [I^ Clsucrose-LDL from each pig were combined 
and autologous injections (average 1.9 ^ Ci 3h and 1.3 ^ Ci ^ ''c/kg body 
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weight) by way of the Jugular vein were performed after the pigs had 
oonaumed the diets for 6 weeks. Serial blood samples were collected for 
the next 48 hours; the speoific radioactivity of C3H]ohol«uterol- and 
[l*C]auoroae-LDL in thu plasma was determined by using standard dual-label 
scintillation counting techniques. 
Tissue Collection and Analysis 
Forty-eight hours after injection of labeled LDL, pigs were 
slaughtered by asphyxiation with carbon dioxide gas. Liver* other viscera, 
aorta, half the carcass (including the head, skin, and hair but minus the 
brain and spinal cord), and samples of adipose tissue (perirenal, 
subcutaneous, and visceral) and muscle (M. sartorius and Latlssimua dorsi) 
were collected from each pig. Tissues were trimmed of visible fat and 
connective tissue, rinsed, blotted dry and weighed. The carcass was 
weighed, and frozen and then a representative sample of the carcass was 
ground (Universal Meat Chopper No. 30%, Universal Chopper Div., Union Mf*. 
Co., Heriden, CT). Carcass protein (N x 6.25) wat» determined by tiie 
Kjeldahl method (15). Carcass muscle was calculated from carcass protein, 
by assuming muscle to be composed of 30$ protein and 70$ water. 
Portion* of each sampled tissue were lyophilized, and the total lipia 
was extracted with chloroform/meth&nol (2:1, v/v) by using the method of 
Rotenberg and Christensen (16). Total cholesterol concentrations were 
determined enzymatlcally (17) on aliquots of the total lipid extracts that 
were evaporated to dryness and redissolved in isopropanol. Total 
radioactivity of C^ Ulcholesterol in the tissues was measured by 
scintillation counting of aliquots of the total lipid extracts that were 
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evaporated to dryness anu redissolved in scintillation cocktail. The 
external standard ratio method was used to correct for quenching. 
To determine uptake of intact LDL, additional tissue samples were 
homogenized in 5 volumes of water (Polytron homogenizer. Type PT10/35, 
Brinkman Instruments, Westbury, NY), twice frozen and thawed, and again 
homogenized. To adsorb undegr&ded LDL, 20 mg/ml of Cab-O-Sil (thixotropic 
gel powder, Packard Instrument Co., Inc., Downers Grove, ID was added to 
each tissue homogenate (8). Samples were shaken vigorously for I hour with 
a wrist-action shaker and then centrifuged at 2000 x g for 30 minutes. 
Radioactivity of the supernatant fraction was determined by using standard 
scintillation counting techniques} counting efficiency was determined by 
use of an external standard. 
The relative contributions of the uptake of intact LDL and cell 
surface exchange to the accumulation of cellular cholesterol were 
calculated by using the following relationships: 
(1) Amount of cholesterol entering by uptake of intact LDL s 
Calculation of Uptake of LDL-cholesterol 
I'^ C dpn inside LDL-protein 
I dpm 
(2) Net radioactivity entering by surface exchange s 
dpn inside -|mg cholesterol entering 
I by uptake of intact LDL 
(3) Met amount of cholesterol entering by surface exchange s 
Net 3h dpm entering /ng LDL-chol 
by surface exchange I dpm 
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Average speoifio radiobotivity of [1%C]auorose-LDL (tag LDL-protein/^^C 
dpm) and average speoifio radioaotivity of [3H]oholwuterol-LDL (mg 
LDL-oholesterol/3H dpm) in plasma during the 48-hour period was oaloulated 
from evenly-spaced points on the fitted curves for the disappearance of the 
radioactivity from the plasms. 
Statistical Analysis 
Data were subjected to the analysis of variance according to the 
factorial arrangement in a randomised block design by using the QLM program 
of the Statistical Analysis System (SAS) to determine the influence of fat 
and protein source and to test for interactions between fat and protein. 
Data are expressed as group means * pooled standard errors of the mean. 
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RESULTS 
All pigs readily oonsuoMd the feed offered, and all but one grew well 
and were in good health throughout the experiment. One pig in the aoy 
protein-beef tallow group developed pneumonia; no data front this pig are 
included in the analyses. 
The concentrations of cholesterol in several tissues are presented in 
Table 3. Aorta, heart, large intestine and small intestine had 
significantly greater (P<.05) concentrations of cholesterol, and liver, 
visceral adipose tissue, lungs, and Latissimus dorsi muscle tended tu have 
greater (P>.05) concentrations of cholesterol when soybean oil was fed 
compared with beef tallow. Dietary protein source had a significant effect 
(P<.05) on cholesterol concentrations in only three tissues; egg white 
consumption, in contrast to soy protein, increased the cholesterol 
concentration in the carcass and decreased the cholesterol concentrations 
in gall bladder and spleen. Cholesterol concentrations in urinary bladder, 
pancreas, and stomach were not influenced by diet. 
Tables 4 and 5 show the amount of LDL-cholesterol that accumulated in 
several tissues during the %8-hour period between injection of the labeled 
LDL and slaughter. Uptake of cholesterol by way of intact LDL (Table 4) 
was not significantly influenced by fat source, although aorta, 
subcutaneous adipose tissue, M. sartoriu* muscle and pancreas of pigs fed 
soybean oil tended to be greater (P>.05) when compared with pigs fed beef 
tallow. Liver uptake of cholesterol by way of intact LDL tended to be less 
(P>.05) in pigs consuming soybean oil, in contrast to beef tallow. No 
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Table 3. Total Cholesterol Concentrations in Tissues 
Diet* Pooled 
Tissue EW-SO EPïïf SF^ SO SPBT SEM 
mg/& dry tiaaue 
Aorta 5.1* 4.5 4,9b 3.7 0.6 
Adipose tissue 
Perirenal 5.6 5.7 5.5 6.3 0.6 
Subcutaneous !*.1 4.5 3.9 3.9 0.6 
Visceral 6.8 5.8 5.6 4.3 1.1 
Urinary bladder 6.5 5.9 6.1 7.3 1.6 
Carcass 7.50 6.9® 4.5 5.0 1.1 
Gall bladder 17.30 16.2® 19.9 26.3 6.8 
Heart 5.8b 4,8 5.5b 5.1 0.7 
Kidney 11.6 10.2 11.3 1.5 
Large intestine 12.9b 8.4 10.1b 7.8 1.3 
Liver 9.9* 8.3 10.2* 9.4 0.6 
Lungs 12.2 10.9 12.9 11.9 1.5 
Skeletal muscle 
M, sartorius 4.0 3.9 4.3 4.3 0.5 
Latissimw* dorsi 4.9 3.7 4.6 4.3 0.9 
Pancreas 9.2 7.3 7.8 8.4 1.0 
Reproductive organs* 7.7^  8.8 9.1^  9.2 1.0 
Small intestine 11.7b 9.2 11.6b 10.4 1.1 
Spleen 10.3® 10.9® 13.5 13.2 2.1 
Stomach 8.8 9.1 9.1 3.5 0.8 
®Se« Table 1» 
bPat effect, P<0.05. 
cprokein effect, P<0.05* 
dpat effect, P<0.10. 
T^estes were analyzed in male pigs; ovaries plus uterus were analyzed 
in female pigs. 
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Table 4. Ut*take of LDL Cholesterol in *8 Hours Accounted for by Uptake of 
Intact LDL 
Diet# Pooled 
Tissue EW-ao EW-BT SP-SO SP-BT SEM 
1%/g wet tissue 
Aorta .046 .01* .0*3 .031 .015 
Adipose tissue 
Perirenal .031 .015 .029 .028 .03* 
Subcutaneous ,009 .00* .009 .006 .003 
Viseeral .on .008 .021 .021 .006 
Urinary bladder .0*7 .033 .061 .089 .023 
Carcass .025 .010 .039 .037 .015 
Gall bladder .097 .071 .187 .193 .0*6 
Heart .016 .015 .032 .021 .008 
Kidney .*63 .*66 1.506 1.170 .388 
Large intestine .060 .036 .079 .139 .038 
Liver .59* .7** .856 1.230 .287 
Lwn*# .317 .155 .269 .35* .098 
Skeletal nuaole 
H» sartoriu# .010 .005 .022 .012 .007 
Latissimus dorsi .012 .007 .007 .008 .003 
Pancreas .057 .025 .071 .0*7 .02* 
Reproductive organs'* .169 .12* .133 .217 .065 
Small intestine .05* .050 .060 .060 .013 
Spleen .16* .123 .210 .351 .0*9 
Stomach .016 .021 .0*2 .028 .013 
®S«© Table 1. 
''See Table 3» 
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Table 5. Uptake of LDL Cholesterol in 48 Hours Accounted for by Net Free 
Cholesterol Exchange 
Diet* Pooled 
Tissue EW-SO EW-BT SP-SO SP-BT SEM 
og/g wet tissue 
Aorta .044 .018 .031 .018 .014 
Adipose tissue 
.070b .049b Perirenal .087 .119 .025 
Subcutaneous .039 .025 .030 .101 .007 
Visceral .091 .053 .096 .102 .019 
Urinary bladder .010 .013 .014 .008 .008 
Carcass .061 .050 .066 .081 .013 
Gall bladder .976 .944 1 .690 .349 .377 
Heart .082 .058 .087 .086 .024 
Kidney .0 .0 .0 .0 
Large intestine .383 .112 .098 .154 .095 
Liver .098 .0 .056 .024 .038 
Lungs .214 .144 .207 .211 .093 
Skeletal muscle 
M. sartorius .028 .026 .026 .038 .009 
Latissinus dorsi .038 .023 .039 .030 .012 
Pancreas .243 .144 .229 .235 .102 
Reproductive orbans* .013b .045b .239 .147 .046 
Small intestine .165 .103 .116 .194 .046 
Spleen .216 .253 .313 .150 .080 
Stomach .071 .051 .065 .047 .020 
®See T&ble 1. 
bproteln effect, P<0»05. 
®See Table 3» 
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tissue wââ aiëAifioan&ly influenced by dietary protein source, but upt&ke 
of cholesterol by way of intact LDL tended to W greater (P>.05) in most of 
the tissues studied when pits were fed soy protein compared with e&g white. 
Associations between uptake by way of intact LDL and tissue cholesterol 
concentrations were seen in only aorta, and heart in response to dietary 
fat source and in only gall bladder, kidney, liver, M. sartorius muscle, 
and spleen in response to dietary protein source. En these tissues, 
consumption of the vegetable product (soybean oil or soy protein) was 
associated with greater uptake and greater cholesterol concentrations th&n 
was consumption of the animal product. 
Uptake of LDL-cholesterol by exchange of free cholesterol (Table 61 
was not significantly affected by diet, except that uptake by exchan&e w&a 
greater (P<«05) in perirenal adipose tissue and reproductive organs of pi*e 
fed soy protein than in those tissues of e^ 6 white-feu pigs. In general, 
uptake tended to b« greater (P>.05) when the vegetable product was 
consumed. Aorta, gall bladder, liver, Latissumus dorsi, and pancreas 
responded to fat source, whereas visceral adipose tissue, carcass, and 
heart responded to protein source. Uptake of LDL-cholesterol by free 
cholesterol exchange was associated with tissue cholesterol concentration 
in only aorta and heart in response to fat source. 
The relative contribution of several tissues to the total uptake of 
LDL-cholesterol is shown in Table 6. Data for the four diets have been 
pooled because diet bad significant effect on the relative activity of 
the tissues. Aortas of pigs fed soybean oil tended (P<.06) to be more 
active in the uptake of cholesterol by way of intact LDL. Liver waa 
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Table 6. Tissue Contributions to LDL-Cholesterol Uptake in 18 hours 
Accounted for by Uptake of Intact LDL and by Net Free 
Cholesterol Exchange 
Tissue Intact LDL Exchange 
(*) 
Liver 55.12 • 6.36* 3.17 + 2.73 
Kidney 12.55 + 3.07 0.00 + 0.00 
Skeletal muscle 9.*5 + 2.99 31.16 % 5.19 
Lungs 9.26 % 3.23 5.32 * 1.79 
Adipose tissue K.98 7 1.25 29.09 * 5.01 
Small intestine 3.91 * 0.72 5.59 " 0.82 
Large intestine 2.75 • 0.40 10.88 % 5.01 
Spleen 1.62 • 0.55 1.78 % 0.60 
Reproductive organs'* 1.00 % 0.37 1.18 * 1.06 
Stomach 0.72 * 0.21 2.30 * 0.61 
Heart 0.36 * 0.05 1.78 7 0.56 
Pancreas 0.27 % 0.10 2.36 • 1.11 
Urinary bladder 0.07 % 0.02 0.02 % 0.01 
Call bladder 0.01 * 0.01 0.96 * 0.13 
Aorta 0.04 7 0.01 0.07 * 0.05 
Soybean oil® 3.05 + 0.02* 
Beef tallowC 0.03 % O.Old 
M^ean of all diets + Pooled SEM. 
S^ee Table 3. 
GDaka from soybean oil-fed pigs and beef kallow-fed pi&s are shown. 
F^&t effectI Ps«06* 
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fesponâible for more than 50$ of the uptake of cholesterol by way of intact 
LDL, with kidney, skeletal musole, and lungs combined contributing another 
30%. Skeletal muscle and adipose tissue were each responsible for 
approximately 301 of the uptake of cholesterol by way of exchange; large 
intestine and small intestine combined were each responsible for about 15%, 
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DISCUSSION 
As in other studies, soybean oil oonsunption resulted in greater 
cholesterol concentrations in several tissues. The most responsive tissues 
were those most strongly associated with cholesterol metabolism and 
atherosclerosis: aorta, heart, liver, small intestine, and large intestine. 
Both skeletal muscle sites and the intact carcass also had greater 
cholesterol concentrations when soybean oil, in contrast to beef tallow, 
was fed, although not significantly so. Muscle has the potential to be a 
major storage organ for cholesterol because small differences in 
cholesterol concentration may represent large differences in the total 
amount of cholesterol accumulated in a tissue of this size. It is not 
known whether the cholesterol stored in muscle (or other tissues) is easily 
mobilized at some later time or whether it is relatively inert once 
deposited. This is a critical factor in determining whether the effects of 
polyunsaturated fat feeding are truly antiatherogenic. The observation 
that the cholesterol concentration of aorta also increased with soybean oil 
feeding implies that increased tissue cholesterol accumulation is not 
totally benign. 
The response of tissue cholesterol concentration to dietary protein 
source is much more variaole than is the response to dietary fat source. 
In the present study, carcass had a significantly greater cholesterol 
concentration when egg white, rather titan soy protein, was consumed, and 
aorta and subcutaneous and visceral adipose tissue showed similar trends. 
Egg white consumption, compared with soy protein, however, decreased 
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ûholôst6rol oonoentr&tiona in a number of other tissues» including liver, 
M. sartorius muscle, and kidney. Previous studies with a number of species 
have shown that casein, compared with soy protein, usually increases liver 
cholesterol but does not influence skin, muscle, adipose tissue, or aorta 
cholesterol concentrations to a significant decree (18-23). Other sources 
of animal protein had variable effects on liver and aorta cholesterol 
concentrations when compared with soy protein (23-25%. Thus, as our 
results also have indicated, the effect of protein on tissue cholesterol 
concentration does not seem to be determined by its source per se. The 
amino acid composition of a protein, particularly the ratio of arginine and 
lysine, has been proposed as a possible determinant of the dietary protein 
effect on plasma cholesterol concentrations (26) and also may influence 
tissue cholesterol concentrations, but a detailed mechanism for either 
effect remains to be elucidated. 
Uptake of cholesterol by degradation of intact U)L was influenced to 
some extent by dietary fat and protein sources. Both soybean oil and soy 
protein feeding tended to result in greater catabolism of LDL by chis route 
than did beef tallow or egg white consumption. Data from this study cannot 
be used to determine the relative contributions of receptor-dependent and 
receptor-Independent mechanisms to the uptake of intact LDL, but other 
studies have shown that receptor-dependent catabollsa acuouiits for 
approximately 65t of hepatic LDL degradation and about 60% overall In 
animals fed chow diets (13,27), The available evidence suggests that 
receptor-dependent degradation may be sensitive to changes In the degree of 
unsaturatlon of the dietary lipid (t) and to changes In protein source 
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(28), but the ausoeptibility of reoeptor-lndependent oatabollam of Lût to 
dlutary manipulation ia unknown. 
Efrati ano ooworkera (29) demonstrated that both free and esterified 
cholesterol can be transferred from LDL to mycoplasma membranes by a simple 
exchange process that does not Involve prolonged contact or fusion of the 
particle with the membrane nor degradation of the particle. Stender and 
Zilversmit (30) studied this uptake mechanism in vivo and found it to 
account for as much as 80$ of the total free cholesterol influx in some 
tissues. In the present study, the net exchange of unesterified 
cholesterol from LDL to the tissues did not seem to be a significant factor 
in accounting for the accumulation of cholesterol in the tissues of soybean 
oil-fed pigs. However, the relatively short period over which uptake was 
measured (18 hours) may have been too short to allow for the expression of 
subtle, but potentially significant, differences in uptake by this 
mechanism. This may be particularly important in the aorta because the 
pathological accumulation of cholesterol would be uncontrolled if 
cholesterol entered the arterial wall by a route other than the tightly 
regulated LDL receptor mechanism, and atherosclerosis typically takes years 
to develop. 
It is intriguing that associations between uptake by either uechaniaet 
and tissue cholesterol concentrations were seen in only a few tissues. 
This suggests that dietary factors that influence tissue cholesterol 
accumulation also must exert their influence at other points of cholesterol 
metabolism, such as on cholesterol synthesis and excretion or on absorption 
of cholesterol from the gut. 
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The relative contribution of the several tissues to the uptake of 
intaot LDL waa similar to that previously reported for swine (8,31). Ttie 
seemingly large contribution of the kidney can be explained in that the 
small amount of the [1*C]aucrose degradation products that escapes the 
tissues is excreted in the urine and thus would be expected to accumulitte 
in the kidney until excreted. Aorta, although contributing only a small 
proportion to the total amount of uptake of intact LDL, was the only tissue 
that showed a responsiveness to dietary treatment. This observation, along 
with the fact that aorta was one the few tissues in which uptake of intact 
LDL was associated with the tissue cholesterol concentration, suggests that 
aorta, and possibly the arteries in general, may be very different than 
other tissues in that uptake of LDL may be an important mechanism by which 
dietary factors influence the total tissue cholesterol concentration. This 
difference between aorta and other tissues my be a critical factor in the 
etiology of atherosclerosis. 
The largest proportion of the total net exchange of free cholesterol 
predictably occurred in those tissues that compose the greatest proportion 
of the whole body, skeletal muscle and adipose tissue. Large and small 
intestine also contributed significantly to free cholesterol exchange. 
This might be expected because the epithelial cells of the 
gasterointestinal tract turn over rapidly and thus would be more likely to 
take up cholesterol by this mechanism based solely on their accelerated 
mitotic and metabolic rates. 
All the tissues studied contributed to LDL-cholesterol uptake. The 
differences in the relative contributions of the tissues to the two entry 
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meohaniama meaaured au^ geat that the several tissues play different rolws 
in the maintenance of the balance in whole body cholesterol metaboliam. 
Dietary fat and protein sources were found to have independent 
influences on tissue cholesterol concentrations and uptake of LDL 
cholesterol. Soybean oil feeding generally increased tissue cholesterol 
concentrations compared with beef tallow, but the response to dietary 
protein source varied. Responsiveness of the individual tissues to dietary 
manipulation also was variable. Uptake of cholesterol and tissue 
cholesterol concentrations were not necessarily associated, but when they 
were associated, consumption of vegetable products resulted in greater 
uptake and greater accumulation of cholesterol. Net exchange of free 
cholesterol between LDL and the tissues was not significantly influenced by 
diet. 
Liver accounted for more than 50% of the uptake of intact LDL. whereas 
skeletal muscle and adipose tissue were the primary tissues contributing to 
free cholesterol exchange, each contributing approximately 30$. Because 
the contributions of the tissues to uptake of cholesterol by either 
mechanism were not statistically different between dietary groups, the 
increased tissue cholesterol concentrations resulting from soybean oil 
feeding and the variations in tissue cholesterol concentration in response 
to dietary protein source must be the result of changes in other mechanisms 
associated with the maintenance of cholesterol homeostasis in the whole 
body. 
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GENERAL SUMMARY AND DISCUSSION 
The ubjticcivtt of this study vus to dbtwrwine the effect of dietary 
protein and fat source on cholesterol transport, uptake and tissue 
distribution* The hypothesis was that animals whose tissues had .reater 
concentrations of cholesterol because of diet composition would have LDL 
with a different composition and a more rapid clearance rate fro» ^ laswa 
and would have greater deposition of LDL cholesterol in those tissues. Two 
assumptions inherent in this hypothesis are th«t dietary fat and protein 
sources, if they had an effect, would act through similar uechanisms to 
influence plasma, lipoproteins ana tissues and that cholesterol transport, 
LDL uptake and tissue cholesterol concentrations are related such that a 
change in one factor woulu necessitate a change in one or both of the other 
factors. Examination of a summary of the data will show whether this 
hypothesis (and its underlying assumptions) was correct. 
Beef tallow, in contrast to soybean oil, increased plasma cholesterol 
concentrations, decreased LDL-cholesterol concentrations and the ratio of 
LDL-cholesterol to LDL-protein and increased HDL-cholesterol concentrations 
and the ratio of HDL-cholesterol to LDL-cholesterol. Beef tallow feeoint, 
also induced changes in LDL composition when compared with soybean oil: The 
wei&ht percentage of cholesterol declined while variable ci(ant,ea occurred 
in the weight percentages of triglyceride and protein and the weight 
percentaae of phospholipid remained constant. Cholesterol concentrations 
of aorta, heart, large and small intestine, liver, adipose tissue ana 
skeletal muscle were less in beef tallow-fed pits than in soybean oil-fed 
piftS. Uptake of intact LDL was less in the aorta, adipose tissue, K. 
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sartoriuâ muaole, ptnofeaa, and more in thu liver, uf fed beef 
tallow tliiiit in tho&u tissues of pl*s feu aoybwan oil. P&t source had no 
«ffeot on the rtte of reoovâl of LDL from the plaam». Exohttn^ e of free 
oholesteroi froo LDL to tissues was not si&nifio*ntly altered by fat 
source, however, exchange tended to be greater in the aorta, ball bladder, 
liver, and stooacR when soybean oil was fed* 
Prottiin source did not have a sianifiuant effect on plasma cholesterol 
concentration, on distribution of lipoprotein cholesterol or on LDL 
composition. Eek white consumption, compared with soy protein cunsuuption, 
resulted in slower clearance of LDL from the circulation; fractional 
catabolic rate and irreversible loss were depressed in eet whit*-f«d yi^ a 
when compared with soy protein-fed pigs. Egg white consumption, in 
contrast to soy protein, increased the cholesterol concentration in the 
carcass and decreased the cholesterol concentrations in ^ all blaauer i.nd 
spleen. Uptake of intact LDL was not significantly influenceo by protein 
source, but uptake in nost tissues tended to be greater in soy protein-fto 
pigs than in egg white-fed pi^ s. Uptake of LDL-cholesterol by exchange of 
free cholesterol was significantly greater in perirenal aoiyose tisGwe ana 
reproductive organs of pi»8 fed soy protein compared with et*e white, anu 
tenoed to be greater in visceral adipose tissue, carcass, and heart. 
Dietary fat source influenceo plasma and lipoprotein cholesterol 
concentrations and LDL composition, whereas dietary protein source affecceo 
the rate of removal of LDL from* plasma, suggesting that dietary fat ana 
protein exert their effects on cholesterol transport throu^ h different 
mechanisms. Pat source had a consistent effect on tissue cholesterol 
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oonueutrittions, but protein aourue haU little or no effect. Uptake of 
intaot LDL seemed to be equally influenced by fbt source andprotein source 
and was not necessarily associated with tissue cholesterol concentrations. 
Individual tissues responded differently to fat source than to protein 
source in regard to tissue cholesterol concentrations and uptake of intact 
LDL. Cholesterol concentration anU uptake of LDL were associated in only a 
few tissues; increases in both of these parameters were associated witn 
soybean oil or soy protein consumption. These observations, alon* with the 
observation that the relative contributions of the individual tissues to 
uptake of intaot LDL and exchange of cholesterol from LDL were not 
influenced by diet composition, sua^ est that meonanisma other than uptake 
of LDL-cholesterol may b« responsible for the *r*ater accumulation of 
tissue cholesterol that resulted from soybean oil feeding. Factors that 
may b« involved include biosynthesis, absorption and excretion of 
cholesterol. 
Biosynthesis of cholesterol is regulated by modulation of the activity 
of the ensym* j-hydroxy-j-methylglutaryl coenzyme A reductase (HMG-CoA 
reductase) titat catalyses the rate-limiting reaction of cnolesterul 
synthesis under most physiological conuitions (140). iimith and colleatues 
(141) suggested that regulation of HKC-CoA reductase may occur throuati 
interactions with membrane lipids, TViey found that the reaction velocity 
was indeeo related to changes in membrane composition that were induced by 
changes in dietary triglyceride composition. Jenke and others (1U2) also 
found that aietary fat source (saturated versus unsaturated) Influenceu 
HHC-CoA reductase activity, but found that the changes were a result of 
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diffarenoes in the quantity of enzyoe présent r&ther than a result of 
modulation of the catalytic activity of the enzyme. Soy protein feeding, 
Qonpared with casein feeding, resulted in greater KHQ-CoA raduotaae 
activity in the liver and snail intestine of rata (57,143). In the present 
experiment, biosynthesis of cholesterol may have been altered by either 
dietary fat source or by dietary protein source, and this cuuld aucount for 
the observed cifferences in tissue cholesterol concentrations. 
Absorption of cholesterol from the small intestine is not 
Significantly influenced by source of dietary f&t Dietary 
protein source had a si^ ificant effect on cholesterol absorption: Casein 
feeding resulted in neater cholesterol absorption than did soy proteiu 
feeding (56,57). Quintao and coworkers (147) presented evioence tmt 
cholesterol absorption front the gastrointestinal tract affects the rate of 
deposition of cholesterol in different body storage sites. Titey fcuna 
that, in the majority of their patients, increasec absorption of 
cholesterol was balanced by an increase in the excretion of cholesterol anu 
a decrease in total body synthesis of cholesterol, but sowetiwes, large 
accumulations of cholesterol occurred when absorption exceedeo these 
compensatory mechanisms. Tlie increases in tissue cholesterol were not 
necessarily reflected by the plasma cholesterol concentrations, which 
increased only slightly or not at all. Protein-induced changes in 
cholesterol absorption did not account for the differences in tissue 
cholesterol concentrations seen in the present experiment, however, because 
the differences observed here were in response to dietary fat source. 
Excretion of cholesterol occurs as bile acids, which are synthesizeo 
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from cholesterol» and aa neutral sterols, which aria* from b&otbribl action 
on un&bsorbed cholesterol and on cholesterol from desquaoous cells. 
Excretion of fecwl sterols and bile acids is greater when polyunsaturated 
fat, compared with saturated fat, is fed (148,149) and when soy protein, 
compared with casein, is fed (57,150). Robins and Russe (151) found that 
cholesterol excretion was related inversely to tissue deposition; 
regardless of plasma cholesterol concentration and cholesterol input, 
cholesterol stores in the tissues only increased when biliary excretion was 
impaired. Differences in excretion of cholesterol may have been a factor 
accounting for the differences in tissue cholesterol concentrations seen in 
the present experiment. 
Additional studies need to be conducted to determine the role tliat 
biosynthesis, absorption and excretion play in the accumulation of 
cholesterol in the tissues and to assess the extent to which these 
mechanism* are influenced by dietary fat anu protein sources. The results 
of my study, however, call for rejection of the original hypothesis 
concerning the relationship between cholesterol transport ano uptake &m 
tissue cholesterol concentrations, the present experiment ktas airiown tktat: 
(1) Dietary fat and protein sources acted independently to influence 
plasma cholesterol transport. Dietary fat altered total cholesterol ana 
lipoprotein cholesterol concentrations and LDL composition, whereas dietary 
protein altered the rate of removal of LDL from plasma. 
(2) Dietary fat and protein sources acted independently to influence 
tissue cholesterol concentrations. Individual tissues responded to fat, to 
protein, to both fat and protein or to neither dietary constituent. 
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(3) Uptake of LDL-oholeaterol was not neuestiarily related to tissue 
cholesterol concentrations end varied between tissues. Uptake of intact 
LDL was influenced in some tissues by diet; net exchange of cholesterol 
from LDL to tissues was influenced by dietary protein. 
(1) There were only s few tissues in which cholesterol concentration 
was associated with uptake of LDL-cholesterol. In these tissues, 
consumption of the vegetable product (soybean oil or soy protein) was 
associated with greater uptake and «reater cholesterol concentrations than 
was consumption of the animal product, 
(5) Aorta was the only tissue in which the contribution of the tissue 
to the total uptake of LDL-cholesterol by way of intact LDL was influences 
by diet: Soybean oil-feeding resulted in the aorta contributing a larger 
proportion, when compared with beef tallow-feedint,. 
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